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METHODS AND COMPOSITIONS FOR
EFFICIENT BASE CALLING IN

SEQUENCING REACTIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 14/094,630 (filed Dec. 2, 2013), which 1n turn 1s
a continuation of U.S. patent application Ser. No. 12/361,307,
(filed Jan. 28, 2009, and 1ssued as U.S. Pat. No. 8,617,811 on
Dec. 31, 2013) which claims benefit of U.S. Patent Applica-
tion Nos. 61/024,110 (filed Jan. 28, 2008) and 61/024,396
(filed Jan. 29, 2008), each of which 1s hereby incorporated by
reference 1n its entirety.

REFERENCE TO A “SEQUENCE LISTING,” A
TABLE, OR A COMPUTER PROGRAM LISTING

APPENDIX SUBMITTED AS AN ASCII TEXT
FILE
The Sequence Listing written 1 file 92171

011271_ST25.TXT, created Jun. 11, 2014, 7,285 bytes,
machine format IBM-PC, MS-Windows operating system, 1s
hereby incorporated by reference.

BACKGROUND OF THE INVENTION

Large-scale genomic sequence analysis 1s a key step
toward understanding a wide range of biological phenomena.
The need for low-cost, high-throughput sequencing and re-
sequencing has led to the development of new approaches to
sequencing that employ parallel analysis of multiple nucleic
acid targets simultaneously.

Conventional methods of sequencing are generally
restricted to determining a few tens of nucleotides before
signals become significantly degraded, thus placing a signifi-
cant limit on overall sequencing etiiciency. Conventional
methods of sequencing are also often limited by signal-to-
noise ratios that render such methods unsuitable for single-
molecule sequencing.

It would be advantageous for the field if methods and

compositions could be designed to increase the efficiency of

sequencing reactions as well as the efficiency of assembling
complete sequences from shorter read lengths.

SUMMARY OF THE INVENTION

Accordingly, the present invention provides methods and
compositions for base calling 1n sequencing reactions.

In one aspect, the present invention provides a method of

identifying a first nucleotide at a detection position of a target
sequence. This method includes the step of providing a sur-
face that includes a plurality of concatemers, and each con-
catemer includes a plurality of monomers, and each monomer
includes: (1) a first target domain of the target sequence; (11) a
first detection position; (111) a first adaptor adjacent to said first
target domain, wherein the first adaptor comprises a first
anchor site. This method further includes the step of provid-
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ing a first sequencing set of sequencing probes. The first set of 60

sequencing probes ncludes a first, second, third and fourth
probe set. The first probe set includes: (1) a first unique label;
(1) a first probe domain complementary to the first target
domain; and (111) a first unique nucleotide at a first interroga-
tion position. The second probe set includes: (1) a second
unique label; (11) the first probe domain; and (111) a second
unique nucleotide at the first interrogation position; The third

65

2

probe set includes: (1) the first and second label; (1) the first
probe domain; and (i111) a third unique nucleotide at the first
interrogation position. The fourth probe set includes: (1) the
first probe domain; and (11) a fourth unique nucleotide at the
first interrogation position. In this aspect of the invention, the
method further includes hybridizing an anchor probe to the
first anchor site and applying the set of sequencing probes to
the surface. If a sequencing probe from the sequencing set has
a unique nucleotide that 1s complementary to the first nucle-
otide, that sequencing probe hybridizes to the concatemer.
The method further includes the step of ligating hybridized
sequencing probes to hybridized anchor probes to form liga-
tion products and then 1dentifying the sequencing probes of
those ligation products 1n order to identity the first nucleotide.

In some embodiments, the present invention provides a
method for determining an 1dentity of a base at a position in a
target nucleic acid comprising distinguishing four nucle-
otides from one another in a reaction using two labels. In
some aspects, the identity of the base 1n the target nucleic acid
1s determined by sequencing-by-synthesis, sequencing by
hybridization, sequencing-by-ligation or cPAL.

In some aspects, the 1dentity of a base 1s determined by: (a)
providing library constructs comprising target nucleic acid
and at least one adaptor; (b) hybridizing anchor probes to the
adaptors 1n the library constructs; (¢) hybridizing a pool of
sequencing probes to the target nucleic acid, wherein a first
sequencing probe identifies a base at an interrogation position
and has a first label, a second sequencing probe 1dentifies a
second base at the interrogation position and has a second
label, and a third sequencing probe 1dentifies a third base at
the interrogation position and has both the first and second
label or some third sequencing probes have the first label and
some third sequencing probes have the second label; (d) ligat-
ing the sequencing probes to the anchor probes, wherein the
sequencing probe that 1s complementary to the target nucleic
acid at the interrogated position will ligate efficiently; and (e)
determining which sequencing probe 1f any ligated to the
anchor probe so as to determine a sequence of the target
nucleic acid.

In some 1instances, the unligated sequencing probes are
discarded after step (d). Also, 1n some 1nstances, processes (b)
through (e) are repeated until a desired amount of sequence of
target nucleic acid 1s obtained. In yet other instances, the pool
ol sequencing probes comprises a fourth sequencing probe
that identifies a fourth base at the interrogation position and
has no label. For example, 1n some specific istances, the G
probe 1s unlabeled or unused and the C probe 1s labeled with
two colors, and 1n yet other instances, the T probe 1s unlabeled
or unused and the A probe 1s labeled with two colors.

In further aspects, the 1dentity of a base 1s determined by:
(a) providing library constructs comprising target nucleic
acid and at least one adaptor, wherein the target nucleic acid
has a position to be interrogated; (b) hybridizing anchor
probes to the adaptors 1n the library constructs; (¢) hybridiz-
ing a pool of sequencing probes to the target nucleic acid,
wherein a {irst sequencing probe 1dentifies a first base at the
interrogation position and has a first label with a first inten-
sity, a second sequencing probe 1dentifies a second base at the
interrogation position and has a first label with a second
intensity, a third sequencing probe 1identifies a third base at the
interrogation position and has a second label with a first
intensity, and a fourth sequencing probe identifies a fourth
base at the interrogation position and has a second label with
a second intensity; (d) ligating the sequencing probes to the
anchor probes, wherein the sequencing probe that 1s comple-
mentary to the target nucleic acid at the interrogated position
will ligate efficiently; and (e) determining which sequencing,
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probe ligated to the anchor probe so as to determine a
sequence of the target nucleic acid.

Other methods of the claimed mmvention provide a method
for determining an 1dentity of two bases at different positions
in a target nucleic acid comprising distinguishing ei1ght nucle-
otides from one another using two labels.

In one aspect, the identity of two bases at different posi-
tions 1s determined by: (a) providing library constructs com-
prising target nucleic acid and at least one adaptor, wherein
the target nucleic acid has a first and a second position to be
interrogated; (b) hybridizing anchor probes to the adaptors 1n
the library constructs; (¢) hybridizing a pool of sequencing
probes to interrogate two positions of the target nucleic acid,
the pool comprising: (1) a first sequencing probe that identi-
fies a first base at the first interrogation position comprising a
first label with a first intensity, a second sequencing probe that
identifies a second base at the first interrogation position
comprising a first label with a second intensity, a third
sequencing probe that identifies a third base at the first inter-
rogation position comprising a {irst label with a third inten-
sity, and a fourth sequencing probe that identifies a fourth
base at the first interrogation position comprising a first label
with a fourth intensity, and (11) a first sequencing probe that
identifies a {first base at the second interrogation position
comprising a second label with a first intensity, a second base
sequencing probe that identifies a second base at the second
interrogation position comprising a second label with a sec-
ond intensity, a third sequencing probe that identifies a third
base at the second interrogation position comprising a second
label with a third intensity, and an fourth sequencing probe
that identifies a fourth base at the second interrogation posi-
tion comprising a second label with a fourth mtensity; (d)
ligating the sequencing probes to the anchor probes, wherein
the sequencing probe that 1s complementary to the target
nucleic acid at the imterrogated positions will ligate effi-
ciently; and (e) determining which sequencing probe ligated
to the anchor probe so as to determine a sequence of the target
nucleic acid.

Other methods of the claimed mvention allow determina-
tion of the identity of two bases at different positions in a
target nucleic acid comprising distinguishing eight nucle-
otides from one another using four labels.

In certain aspects, the methods comprise: (a) providing
library constructs comprising target nucleic acid and at least
one adaptor; (b) hybridizing anchor probes to the adaptors 1n
the library constructs; (¢) hybridizing a pool of sequencing,
probes to interrogate two positions of the target nucleic acid,
the pool comprising: (1) a first set of sequencing probes to
interrogate a first position on the target nucleic acid compris-
ing a {irst sequencing probe having a first label, a second
sequencing probe having a second label, and a third sequenc-
ing probe having both the first and second labels or some third
sequencing probes have the first label and some third
sequencing probes have the second label; and (11) a second set
ol sequencing probes to interrogate a second position 1n the
target nucleic acid comprising a first sequencing probe having
a third label, a second sequencing probe having a fourth label,
and a third sequencing probe having both the third and fourth
labels or some third sequencing probes have the third label
and some third sequencing probes have the fourth label; (d)
ligating the sequencing probes to the anchor probes, wherein
the sequencing probes that are complementary to the target
nucleic acid at the interrogation positions will ligate effi-
ciently to the anchor probes; and (e) determining which
sequencing probes ligated to the anchor probes so as to deter-
mine a sequence of the target nucleic acid.
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In some aspects of these methods, both sets of sequencing,
probes ligate to the same anchor. In yet other aspects, the
library constructs comprise at least one or more different
adaptors and hybridization sites for at least two different
anchor probes, and the 3' end of one anchor probe 1s used for
ligation with a 5' end of the first set of sequencing probes and
the 5' end of another anchor probe 1s used for ligation with 3'
end of the second set of sequencing probes. In such a case, the
first set of sequencing probes can ligate to the first anchor
probe but not the second anchor probe and the second set of
sequencing probes can ligate to the second anchor probe but
not the first anchor probe. In some aspects, the unligated
sequencing probes are discarded after step (d). Also, in some
aspects, processes (b) through (e) are repeated until a desired
amount of sequence of target nucleic acid 1s obtained. In yet
other aspects, the pool of sequencing probes comprises one or
more fourth sequencing probes with no label.

The claimed invention also provides a method for deter-
mining an identity of four bases at different positions in a
target nucleic acid comprising distinguishing sixteen nucle-
otides from one another using four labels.

Some aspects of methods of the invention include (a) pro-
viding library constructs comprising target nucleic acid and at
least one adaptor; (b) hybridizing anchor probes to the adap-
tors 1n the library constructs; (c¢) hybridizing a pool of
sequencing probes to interrogate four positions of the target
nucleic acid, the pool comprising: (1) a first set of sequencing
probes that interrogates a first position comprising a first
sequencing probe having a first label, a second sequencing
probe having a second label, and a third sequencing probe
having both the first and second labels or some third sequenc-
ing probes have the first label and some third sequencing
probes have the second label, wherein each sequencing probe
of the first set interrogates a different base at the first position;
(11) a second set of sequencing probes that interrogates a
second position comprising a {irst sequencing probe having a
first dissociable label, a second sequencing probe having a
second dissociable label, and a third sequencing probe having
both the first and second dissociable labels or some third
sequencing probes have the first disassociable label and some
third sequencing probes have the second disassociable label,
wherein each sequencing probe of the second set interrogates
a different base at the second position; (111) a third set of
sequencing probes that interrogates a third position compris-
ing a first sequencing probe having a third label, a second
sequencing probe having a fourth label, and a third sequenc-
ing probe having both the third and fourth labels or some third
sequencing probes have the third label and some third
sequencing probes have the fourth label, wherein each
sequencing probe of the third set interrogates a different base
at the third position; (1v) a fourth set of sequencing probes that
interrogates a fourth position comprising a first sequencing
probe having a third dissociable label, a second sequencing
probe having a fourth dissociable label, and a third sequenc-
ing probe having both the third and fourth dissociable labels
or some third sequencing probes have the third disassociable
label and some third sequencing probes have the fourth dis-
associable label, wherein each sequencing probe of the fourth
set iterrogates a different base at the fourth position; (d)
ligating the sequencing probes to the anchor probes, wherein
the sequencing probes that are complementary to the target
nucleic acid at the interrogated positions will efficiently ligate
to the anchor probes; () detecting the labels of the sequenc-
ing probes ligated to the anchor probes so as to determine a
sequence of the target nucleic acid; (1) disassociating the
disassociable labels in the second and fourth sets of sequenc-
ing probes; (g) detecting the labels of the sequencing probes
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from the first and third sets; and (h) determining which labels
were disassociated and which labels remained, so as to deter-
mine a sequence of the target nucleic acid.

In further aspects processes (b) through (h) are repeated
until a desired amount of sequence of target nucleic acid 1s
obtained. Also 1n some aspects, the pool of sequencing probes
may comprise one or more fourth sequencing probes with no
label. In various aspects of this method, the disassociable
labels disassociate by virtue of varying melting temperatures,
and 1n yet other aspect, the disassociable labels disassociate
by one or more cleavage reactions.

Yet other methods for determining an identity of four bases
at different positions comprise: (a) providing library con-
structs comprising target nucleic acid and at least one adaptor;
(b) hybridizing anchor probes to the adaptors in the library
constructs; (¢) hybridizing a pool of sequencing probes to
interrogate four positions of the target nucleic acid, the pool
comprising: (1) a {irst set of sequencing probes that interro-
gates a first position of the target nucleic acid, the set com-
prising a {irst sequencing probe having a first label with a first
intensity, a second sequencing probe having a first label with
a second 1ntensity, and a third sequencing probe having a first
label with a third intensity, wherein each sequencing probe of
the first set interrogates a different base at the first position;
(11) a second set of sequencing probes that interrogates a
second position of the target nucleic acid, the set comprising
a first sequencing probe having a second label with a first
intensity, a second sequencing probe having a second label
with a second intensity, and a third sequencing probe having
a second label with a third intensity, wherein each sequencing
probe of the second set interrogates a different base at the
second position; (111) a third set of sequencing probes that
interrogates a third position of the target nucleic acid, the set
comprising a {irst sequencing probe having a third label with
a first mtensity, a second sequencing probe having a third
label with a second intensity, and a third sequencing probe
having a third label with a third intensity, wherein each
sequencing probe of the third set interrogates a different base
at the third position; and (1v) a fourth set of sequencing probes
that interrogates a fourth position of the target nucleic acid,
comprising a first sequencing probe having a fourth label with
a first intensity, a second sequencing probe having a fourth
label with a second intensity, and a third sequencing probe
having a fourth label with a third intensity, wherein each
sequencing probe of the fourth set interrogates a different
base at the fourth position; (d) ligating the sequencing probes
to the anchor probes, wherein the sequencing probes that are
complementary to the target nucleic acid at the interrogated
positions will efliciently ligate to the anchor probes; (e)
detecting the intensity of each label of the sequencing probes
ligated to the anchor probes so as to determine a sequence of
the target nucleic acid.

The present mvention also provides a pool of sequencing
probes to mterrogate a position 1n a target nucleic acid, com-
prising a first sequencing probe having a first label, a second
sequencing probe having a second label, a third sequencing
probe having a first and second label on one molecule or some
third sequencing probes have the first label and some third
sequencing probes have the second label, wherein each probe
identifies a different base at the position of a target nucleic
acid. In some aspects, this pool of sequencing proves further
comprises a fourth probe without a label.

In some embodiments, the present imnvention provides a
pool of sequencing probes to imterrogate a position 1n a target
nucleic acid, comprising a first sequencing probe having a
first label with a first intensity, a second sequencing probe
having a first label with a second intensity, a third sequencing,
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probe having a second label with a first intensity, and a fourth
sequencing probe having a second label with a second inten-
sity, wherein each probe identifies a diflerent base at the
position of a target nucleic acid.

Also, 1n some aspects there 1s provided a pool of sequenc-
ing probes to interrogate a position in a target nucleic acid
comprising a first sequencing probe having a first disasso-
ciable label, a second sequencing probe having a second
disassociable label, and a third sequencing probe having both
the first and second disassociable labels, wherein each probe
identifies a different base at the position of a target nucleic
acid. In some variations, the labels are disassociable by vary-
ing temperatures, and in other variations, the labels are dis-
associable by cleavage.

The described technology provides 1n one aspect a method
for determining a sequence of a target nucleic acid compris-
ing: (a) providing library constructs comprising target nucleic
acid and at least one adaptor; (b) hybridizing at least first and
second anchor probes to the at least one adaptor 1n the library
constructs; (¢) hybridizing labeled sequencing probes to the
target nucleic acid; (d) ligating the labeled sequencing probes
to the anchor probes, wherein the labeled sequencing probes
that are complementary to the target nucleic acid will effi-
ciently ligate to the anchor probes; () detecting the labels of
the ligated sequencing probes; (1) providing a first invader
oligonucleotide having a sequence complementary to the
ligated first anchor probe; (g) allowing the first invader oli-
gonucleotide to disrupt hybridization between the ligated first
anchor probe and the library constructs by forming a complex
with the ligated first anchor probe; (h) discarding the com-
plex; and (1) detecting the labels of the remaining ligated
sequencing probes to determine a sequence of a target nucleic
acid.

In some aspects, processes (b) through (1) are repeated until
a desired amount of sequence of target nucleic acid 1is
obtained. In yet other aspects, the library constructs comprise
at least four different adaptors, at least four different anchor
probes are hybridized to the adaptors, and at least four ditfer-
ent mnvader oligonucleotides substantially complementary to
the four different anchor probes are provided. Additionally, in
some aspects the method turther comprises determining a
sequence of the target nucleic acid by subtracting the label
detected 1n (e) from the labels detected in (1). Also, 1n some
aspects, the mvader oligonucleotide 1s complementary to a
portion of the sequencing probe.

Additionally, 1n some aspects of the methods of the
claimed invention, the anchor probe comprises an anchor
portion complementary to a portion of the adaptor, the anchor
portion of the anchor probe 1s flanked by a tail portion; and
wherein the mvader oligonucleotide has a tail portion sub-
stantially complementary to the tail portion of the anchor
probe. Alternatively or in addition, the anchor probe may
further comprise a degenerate portion for binding target
nucleic acid. Yet in other aspects, the invader oligonucleotide
comprises a loop; and 1n some aspects, the loop 1s substan-
tially complementary to a loop of an anchor probe.

This Summary 1s provided to introduce a selection of con-
cepts 1n a simplified form that are further described below 1n
the Detailed Description. This Summary 1s not ntended to
identify key or essential features of the claimed subject mat-

ter, nor 1s 1t intended to be used to limit the scope of the
claimed subject matter. Other features, details, utilities, and
advantages of the claimed subject matter will be apparent
from the following written Detailed Description including
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those aspects 1llustrated 1n the accompanying drawings and
defined in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration of an embodiment of
sequencing methods of the mvention. Sequence legend:
anchor primer 130 (SEQ ID NO:6); array-immobilized tem-
plate strand 100 (SEQ ID NO:10).

FIG. 2 1s an illustration of exemplary embodiments of
probe sets of the invention.

FIG. 3 1s an illustration of exemplary embodiments of
probe sets of the invention.

FIG. 4 1s an illustration of exemplary embodiments of
probe sets of the invention.

FIG. 5 1s a schematic illustration of an embodiment of
sequencing methods of the invention. Sequence legend: 501
(SEQIDNO:11);502 (SEQIDNO:12); 504 (SEQID NO:11,
SEQ ID NO:12); 507 (SEQ ID NO:13, SEQ ID NO:14).

FIGS. 6 A and 6B provide schematic illustrations of an
embodiment of sequencing methods of the invention (A) and
exemplary probe sets of use 1 such an embodiment (B).
Sequence legend: 701 (SEQ ID NO:21); 702 (SEQ ID
NO:22); 703 (SEQ ID NO:23).

FIG. 7 1s a schematic illustration of an embodiment of
sequencing methods of the mvention.

FIG. 8 1s a schematic illustration of an embodiment of
sequencing methods of the invention. Sequence legend: 812
(SEQ ID NO:24); 816 (SEQ ID NO:25); 819 (SEQ ID
NO:26).

FIG. 9 provides sequences of exemplary adaptors of the
invention. Sequence legend: (A) (SEQ ID NO:1); (B) (SEQ
IDNO:2); (C) (SEQIDNO:3); (D) (SEQIDNO:4); (E) (SEQ
ID NO:5).

FIG. 10 provides (A) sequences of exemplary adaptors of
the invention and (B) a schematic illustration of exemplary
functional elements of an adaptor. Sequence legend: 1102
(SEQ ID NO:16); 1104 (SEQ ID NO:17); 1108 (SEQ ID
NO:19); 1106 (SEQ ID NO:18); 1110 (SEQ ID NO:20).

FIG. 11 1s a schematic illustration of an embodiment of
sequencing methods of the mnvention.

DETAILED DESCRIPTION OF THE INVENTION

The practice of the present invention may employ, unless
otherwise indicated, conventional techniques and descrip-
tions of organic chemistry, polymer technology, molecular
biology (including recombinant techniques), cell biology,
biochemistry, and immunology, which are within the skill of
the art. Such conventional techniques include polymer array
synthesis, hybridization, ligation, and detection of hybridiza-
tion using a label. Specific 1llustrations of suitable techniques
can be had by reference to the example herein below. How-
ever, other equivalent conventional procedures can, of course,
also be used. Such conventional techniques and descriptions
can be found 1n standard laboratory manuals such as Genome
Analysis: A Laboratory Manual Series (Vols. I-1V), Using
Antibodies: A Laboratory Manual, Cells: A Laboratory
Manual, PCR Primer: A Laboratory Manual, and Molecular
Cloning: A Laboratory Manual (all from Cold Spring Harbor
Laboratory Press), Stryer, L. (1995) Biochemistry (4th Ed.)
Freeman, N.Y., Gait, “Oligonucleotide Synthesis: A Practical
Approach” 1984, IRL Press, London, Nelson and Cox
(2000), Lehninger, Principles of Biochemistry 374 Ed., W. H.
Freeman Pub., New York, N.Y. and Berg et al. (2002) Bio-
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chemistry, 57 Ed., W. H. Freeman Pub., New York, N.Y., all of
which are herein incorporated 1n their entirety by reference
for all purposes.

Note that as used herein and 1n the appended claims, the
singular forms “a,” “an,” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to “a polymerase” refers to one agent or
mixtures of such agents, and reference to “the method”
includes reference to equivalent steps and methods known to
those skilled 1n the art, and so forth.

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill 1n the art to which this invention
belongs. All publications mentioned herein are incorporated
herein by reference for the purpose of describing and disclos-
ing devices, compositions, formulations and methodologies
which are described 1n the publication and which might be
used 1 connection with the presently described 1nvention.

Where a range of values 1s provided, 1t 1s understood that
cach intervening value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated or
intervening value 1n that stated range 1s encompassed within
the mvention. The upper and lower limits of these smaller
ranges may mdependently be included in the smaller ranges 1s
also encompassed within the invention, subject to any spe-
cifically excluded limit 1n the stated range. Where the stated
range ncludes one or both of the limits, ranges excluding
either both of those included limits are also included 1n the
invention.

In the following description, numerous specific details are
set forth to provide a more thorough understanding of the
present invention. However, 1t will be apparent to one of skall
in the art that the present invention may be practiced without
one or more of these specific details. In other 1nstances, well-
known features and procedures well known to those skilled in
the art have not been described 1n order to avoid obscuring the
ivention.

Although the present invention 1s described primarily with
reference to specific embodiments, 1t 1s also envisioned that
other embodiments will become apparent to those skilled 1n
the art upon reading the present disclosure, and 1t 1s intended
that such embodiments be contained within the present inven-
tive methods.

I. Overview

The present invention 1s directed to methods and compo-
sitions for identifying and detecting nucleotides 1n a target
sequence. In general, the methods are directed to new meth-
ods and improvements to technology based on the use of
arrays of DNA nanoballs, sometimes referred herein as
“DNBs”, which can be used for extremely ellicient sequenc-
ing (as well as expression analysis and genotyping). These
technologies are generally described 1n U.S. application Ser.

Nos. 11/679,124; 11/981,761; 11/981,661; 11/981,605;
11/981,793; 11/981,804; 11/451,691; 11/981,607; 11/981,
767, 11/982,467;, 11/451,692; 12/335,168; 11/541,225;
11/927,356; 11/927,388; 11/938,096; 11/938,106; 10/547,
214; 11/981,730; 11/981,685; 11/981,797; 12/252,280;
11/934,695; 11/934,697; 11/934,703; 12/265,593; 12/266,
385; 11/938,213; 11/938,221; 12/325,922; 12/329,363;

12/335,188 and 12/359,165, all of which are hereby incorpo-
rated by reference 1n their entirety for all purposes and par-
ticularly for all disclosure related to DNBs, methods of mak-
ing DNBs and methods of using DNBs. However, as will be
appreciated by those in the art, the techniques described
herein can be used on other platforms, e.g. other nucleic acid
array systems, including both solid and liquid phase systems.
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Thus, while much of the description herein 1s directed to the
discussion of DNB arrays, any and all of the techniques
described herein can be applied to other platforms, 1n any
combination.

Thus, the present mvention 1s generally directed to the
methods that allow the determination of a plurality of bases
using a number of labels (e.g. fluorophores) where the num-
ber of labels 1s less than the number of bases that are deter-
mined at each cycle. For example, using the methods
described herein, a sequencing reaction can be done 1n which
wherein 4 bases can be distinguished using probe sets labeled
with only two dyes. The ability to read two or more bases per
sequencing read cycle reduces the time and cost of sequenc-
ing experiments, allowing large numbers of sequences (1n-
cluding whole genomes) to be detected and 1dentified without
a prohibitive increase 1n time and cost.

Accordingly, methods for nucleic acid identification and
detection using compositions and methods of the present
invention include extracting and fragmenting target nucleic
acids from a sample. These fragmented nucleic acids are used
to produce target nucleic acid templates that generally
include one or more adaptors. The target nucleic acid tem-
plates are subjected to amplification methods to form nucleic
acid concatemers, also referred to herein as nucleic acid
“nanoballs” and “amplicons”. In some situations, these
nanoballs are disposed on a surface. Sequencing applications
are performed on the nucleic acid nanoballs of the invention,
usually through sequencing by ligation techniques, including
combinatorial probe anchor ligation (*“cPAL”) methods,
which are described 1n further detail below.

Sequencing applications of the invention will 1n general
utilize sequencing probes that include a domain that 1s
complementary to a domain of the target sequence as well as
a unique nucleotide at an interrogation position. The methods
described herein are applicable to a number of sequencing
techniques, including sequencing by ligation techniques,
sequencing by extension (SBE), such as described in U.S. Pat.
Nos. 6,210,891; 6,828,100, 6,833,246, 6,911,345; Margulies,
et al. (2005), Nature 437:376-380 and Ronaghi, et al. (1996),
Anal. Biochem. 242:84-89, each of which 1s hereby incorpo-
rated by reference 1n its entirety for all purposes and 1n par-
ticular for all teachings related to sequencing by extension,
sequencing by hybridization, such as the methods described
in U.S. Pat. No. 6,401,267, which 1s hereby incorporated by
reference 1n its entirety for all purposes and 1n particular for
all teachings related to sequencing by hybridization methods.
In general, these methods rely on sequencing probes that
hybridize to a domain of the target nucleic acid. Such
sequencing probes will 1n general stably hybridize to regions
of the target sequence to which the sequencing probes are
perfectly complementary. Conventional methods of sequenc-
ing utilize four sequencing probes that utilize four different
labels to distinguish among sequencing probes for a particu-
lar nucleotide at a particular position in the target sequence—
1.¢., a unique label for each umique nucleotide at a specific
position. (Or, alternatively, for SBE reactions, the sequencing
probe 1s 1dentical for each reaction but the nucleotide(s) for
addition each have a unique label). The present invention
provides methods and compositions that improve the effi-
ciency and/or cost of identilying a base 1n a target sequence by
distinguishing between the four possible nucleotides using
tewer than four unique labels.

In some cases, sequencing applications of the invention use
sets of sequencing probes which are labeled 1n such a way as
to distinguish between four nucleotides using only two dii-
terent labels. One example of such a set of probes 1s 1llustrated
in FIG. 2. In FIG. 2, set 202 1s an example of a probe set that
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1s useful 1in methods where two labels are used to read four
bases. As shown 1n 202, the A probe 1s labeled with a first label
(1dentified as C1), the T probe 1s labeled with a second label
(C2), the C probe 1s labeled with both the first and the second
label (C1+C2), and the G probe 1s not labeled. In sequencing
applications utilizing a probe set such as that pictured 1n 202,
the presence of the G probe 1s detected when no label can be
detected. The labels on probes such as those pictured 1n FIG.
2 can be any kind of detectable label known 1n the art as
described more fully below, and in specific cases, fluorescent
labels are used.

In some cases, sequencing applications using the nucleic
acid nanoballs of the invention can detect more than two bases
in a target nucleic acid by utilizing probes whose ligation to
anchor probes 1s controlled. For example, sequencing probes
can be “fixed” 1n orientation by blocking one end such that
only sequencing probes that hybridize to a particular side of
an adaptor, or 1n a particular orientation with respect to the
anchor probe, will be able to ligate to the anchor probe. For
example, n FIG. 2, set 204 1s premised along the same lines
as set 202, except that with set 204, four different labels are
used to distinguish between 8 different nucleotides—i.e., to
identify which base 1s present at two different locations 1n a
target sequence. As discussed above and described 1n further
detail below, nucleic acid nanoballs of the invention comprise
repeating units of target sequence and adaptors. In specific
examples of sequencing applications of the invention, four of
the probes 1n set 204 are 3' probes, 1.e., they can hybridize to
locations of the target sequence 3' to an adaptor, whereas the
other four probes are 5' probes and hybridize only to locations
S' to an adaptor. Similar to the labeling scheme of set 202

discussed above, the 5' probes of set 204 has an A probe
labeled with a first label (C1), a T probe labeled with a second

label (C2), a C probe labeled with the first and second labels
(C1+C2) and a G probe that has no label. In addition, the 3'
probes of set 204 has an A probe labeled with a third label
(C3), a T probe labeled with a fourth label (C4), a C probe
labeled with both the third and fourth label (C3+C4), and
again the G probe 1s unlabeled. By structuring the probes 1n
this way, a set such as probe set **204 can be used to identily
the nucleotide at two different positions of a target sequence.

In certain cases, the nucleotides at four different positions
ol a target sequence 1n a nucleic acid nanoball are identified
by using four probe sets 1n a single sequencing cycle to read
two bases from each side of an adaptor. One example of such

a sequencing application i1s illustrated i FIG. 6A, which
shows an exemplary portion of a nucleic acid nanoball 602
with adaptors on each of the 5' and 3' ends (shaded “b”’s) and
target nucleic acid to be sequenced 1n between the adaptors
(1.e., 1n between the shaded regions). In addition, sequencing,
probes are shown that would allow for reading of the four
bases from 5' and 3' of the two adaptors shown 1n two cycles.
In the method of sequencing illustrated in FIGS. 6 A and 6B,
probe sets of the type shown in FIG. 2 at 204 are used;
however, four probe sets are used 1n a single reaction to read
two bases from each side. In FIGS. 6 A and 6B, “G”, “17, “A”
and “C” are specific nucleotide bases, and “N”’s are universal
or degenerate bases. In a first cycle of sequencing, four probes
sets 620 are used. A sequencing probe that would 1identify the
G 1n the target nucleic acid immediately 3' to the end of the 5
adaptor 1s shown at 604 (CNNNNNN-CI1/C2). Such a

sequencing probe would be part of a first set 622:
CNNNNNN-C1/C2; ANNNNNN-C1; TNNNNNN-C2 and

GNNNNNN (see FIG. 6B for the probe sets that would be

used 1n each of the two rounds of sequencing). The sequenc-
ing probe that would 1dentity the T in the target nucleic acid
two bases from the 3' end of the 5' adaptor 1s shown at 606
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(NANNNNNIC1), and would be part of a second set 624:
NANNNNNICI; NTNNNNNIC2; NGNNNNN; and

NCNNNNNICI1C2, where the symbol “I” denotes a cleav-
age site). A broad variety of cleavable moieties are available
in the art of solid phase and microarray oligonucleotide syn-

thesis, including photocleavable moieties (see, e.g., Pon, R.
(1993), Methods Mol. Biol. 20:465-496; Verma et al. (1998),

Annu. Rev. Biochem. 67:99-134; and U.S. Pat. Nos. 5,739,
386 and 5,700,642). Again, using a G probe 1n this istance 1s
optional, since the G probe does not have a label.

A sequencing probe that would 1dentity the C 1n the target
nucleic acid immediately 5' to the end of the 3' adaptor 1s
shown at 612 (NNNNNNG). Such a sequencing probe would
be part of a third set 626: NNNNNNG; C3/C4-NNNNNC;
C31-NNNNNA; and C4-NNNNNT. The sequencing probe
that would 1dentity the A 1n the target nucleic acid two bases
from the 5 end of the 3' adaptor 1s shown at 614
(C4INNNNTN), and would be part of a fourth set 628:
C4INNNNTN; C3INNNNAN; NNNNNGN; and
C3C43iNNNNCN, again, where the symbol “I” denotes a
cleavage site. The first, second, third and fourth sequencing
probe sets are used together to sequence four bases at a time
in the following manner: Anchor probes are allowed to
hybridize to the adaptors in the library constructs after which
(or simultaneously) all four sets of sequencing probes are
added and allowed to hybridize to the target nucleic acid. The
adjacently-hybridized anchor probes and sequencing probes
may then be ligated to one another 1t the sequencing probe 1s
complementary to the target nucleic acid 1n the library con-
struct. An extensive wash 1s performed to eliminate unligated
sequencing probes. Two sequencing probes will ligate to the
anchor probes that hybridized to the 5' adaptor (one sequenc-
ing probe from the first sequencing probe set (604) and one
sequencing probe from the second sequencing probe set
(606)), and two sequencing probes will ligate to anchor
probes that hybridized to the 3' adaptor (one sequencing
probe from the third sequencing probe set (612) and one
sequencing probe from the fourth sequencing probe set
(614)). It should be noted that more than one sequencing
probe will not ligate to a single anchor probe, but about half of
the 5' anchor probes will ligate to sequencing probes from the
first set, and about half of the 5" anchor probes will ligate to
sequencing probes from the second set. Similarly, about half
of the 3" anchor probes will ligate to sequencing probes from
the third set, and about half of the 5' anchor probes will ligate
to sequencing probes from the fourth set.

The fluorescent signal for the first read out in this hypo-
thetical would be C1+C2+C1 from the 5' side and no color
(from the G sequencing probe)+C4 from the 3' side. The
sequencing reaction mix 1s then subjected to cleaving at the
“1” site, eliminating the tluorescent signal from the sequenc-
ing probes interrogating the bases 1n the target nucleic acid
two nucleotides from the ligation junction (1.e., sequencing,
probes from the second and fourth sequencing probe sets). A
wash 1s then performed, and the fluorescent signal 1s read
again. The fluorescent signal for the second read out 1n this
hypothetical would be C1+C2 from the 5' side and no color

from the 3' side. That 1s, the strong C1 signal contributed by
the NANNNNNICL sequencing probe (606) and the C4 sig-

nal contributed by the C2INNNNNTN sequencing probe
(614) will have disappeared. The disappearance of a strong
C1 signal indicates that a T 1s two bases from the 3' end of the
Stadaptor (the A sequencing probe from the second set ligated
to the anchor probe). The disappearance of the C4 signal
indicates that an A 1s two bases from the 3' end of the 3
adaptor (the T sequencing probe from the fourth set ligated to
the anchor probe). The remaining C1+C2 signal indicates that
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a (G 1s 1n the first position 1n the target nucleic acid immedi-
ately 3' to the end of the 5' adaptor (the C sequencing probe
from the first set ligated to the anchor probe) and that there 1s
no color at all from the third sequencing probe set indicates
that a C 1s the first base 1n the target nucleic acid immediately
5! to the end of the 3" adaptor (the G sequencing probe from
the third set ligated to the anchor probe).

Further examples of sequencing methods using combina-
tions of probe sets according to the present invention are
described in further detail below.

II. Nucleic Acid Nanoballs and Arrays

Compositions of the mvention include nucleic acid tem-
plates, concatemers generated from such nucleic acid tem-
plates, as well as substrates comprising a surface with a plu-
rality of such concatemers disposed on that surface (also
referred to herein as “arrays”). Such compositions are
described 1n U.S. application Ser. Nos. 11/679,124; 11/981,
761; 11/981,661; 11/981,605; 11/981,793; 11/981,804;
11/451,691; 11/981,607; 11/981,767; 11/982,467; 11/451,
692; 12/335,168; 11/541,225; 11/927,356; 11/927,388;
11/938,096; 11/938,106; 10/347,214; 11/981,730; 11/981,
685; 11/981,797; 12/252,280; 11/934,695; 11/934,697;
11/934,703; 12/265,593; 12/266,385; 11/938,213; 11/938,
221; 12/325,922; 12/329,365; 12/335,188 and 12/359,165,
all of which are hereby incorporated by reference in their
entirety for all purposes and particularly for all disclosure
related to nucleic acid templates, concatemers and arrays
according to the present invention.

In one aspect, the present invention provides nucleic acid
templates comprising target nucleic acids and multiple inter-
spersed adaptors, also referred to herein as “library con-
structs,” “circular templates”, “circular constructs™, “target
nucleic acid templates™, and other grammatical equivalents.
The nucleic acid template constructs of the invention are
assembled by mserting adaptors molecules at a multiplicity of
sites throughout each target nucleic acid. The interspersed
adaptors permit acquisition of sequence information from
multiple sites in the target nucleic acid consecutively or
simultaneously.

The term “target nucleic acid” refers to a nucleic acid of
interest. In one aspect, target nucleic acids of the invention are
genomic nucleic acids, although other target nucleic acids can
be used, including mRNA (and corresponding cDNAs, etc.).
Target nucleic acids include naturally occurring or geneti-
cally altered or synthetically prepared nucleic acids (such as
genomic DNA from a mammalian disease model). Target
nucleic acids can be obtained from virtually any source and
can be prepared using methods known 1n the art. For example,
target nucleic acids can be directly 1solated without amplifi-
cation, 1solated by amplification using methods known in the
art, including without limitation polymerase chain reaction
(PCR), strand displacement amplification (SDA), multiple
displacement amplification (MDA), rolling circle amplifica-
tion (RCA), rolling circle amplification (RCR) and other
amplification (including whole genome amplification) meth-
odologies. Target nucleic acids may also be obtained through
cloning, including but not limited to cloning into vehicles
such as plasmids, yeast, and bacterial artificial chromosomes.

In some aspects, the target nucleic acids comprise mRNAs
or cDNAs. In certain embodiments, the target DNA 1s created
using 1solated transcripts from a biological sample. Isolated
mRINA may be reverse transcribed into cDNAs using conven-
tional techniques, again as described in Genome Analysis: A
Laboratory Manual Series (Vols. I-1V) or Molecular Cloning:
A Laboratory Manual.

Target nucleic acids can be obtained from a sample using,
methods known 1n the art. As will be appreciated, the sample
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may comprise any number of substances, including, but not
limited to, bodily tluids (including, but not limaited to, blood,
urine, serum, lymph, saliva, anal and vaginal secretions, per-
spiration and semen, of virtually any organism, with mam-
malian samples being preferred and human samples being
particularly preferred); environmental samples (including,
but not limited to, air, agricultural, water and soil samples);
biological warfare agent samples; research samples (1.e. in the
case of nucleic acids, the sample may be the products of an
amplification reaction, including both target and signal
amplification as 1s generally described in PCT/US99/01705,
such as PCR amplification reaction); purified samples, such
as purified genomic DNA, RNA, proteins, etc.; raw samples
(bacteria, virus, genomic DNA, etc.); as will be appreciated
by those 1n the art, virtually any experimental manipulation
may have been done on the sample. In one aspect, the nucleic
acid constructs of the mvention are formed from genomic
DNA. In certain embodiments, the genomic DNA 1s obtained
from whole blood or cell preparations from blood or cell
cultures.

In an exemplary embodiment, genomic DNA 1s i1solated
from a target organism. By “target organism’™ 1s meant an
organism of interest and as will be appreciated, this term
encompasses any organism from which nucleic acids can be
obtained, particularly from mammals, mcluding humans,
although 1n some embodiments, the target organism 1s a
pathogen (for example for the detection of bacterial or viral
infections). Methods of obtaining nucleic acids from target
organisms are well known 1n the art. Samples comprising
genomic DNA of humans find use 1n many embodiments. In
some aspects such as whole genome sequencing, about 20 to
about 1,000,0000 or more genome-equivalents of DNA are
preferably obtained to ensure that the population of target
DNA fragments suiliciently covers the entire genome. The
number of genome equivalents obtained may depend 1n part
on the methods used to further prepare fragments of the
genomic DNA for use 1n accordance with the present mnven-
tion.

The target nucleic acids used to make templates of the
invention may be single stranded or double stranded, as speci-
fied, or contain portions of both double stranded or single
stranded sequence. Depending on the application, the nucleic

acids may be DNA (including genomic and cDNA), RNA
(including mRNA and rRNA) or a hybrid, where the nucleic
acid contains any combination of deoxyribo- and ribo-nucle-
otides, and any combination of bases, including uracil,
adenine, thymine, cytosine, guanine, inosine, xXathanine
hypoxathanine, 1socytosine, 1soguanine, efc.

By “nucleic acid” or “oligonucleotide™ or “polynucle-
otide” or grammatical equivalents herein means at least two
nucleotides covalently linked together. A nucleic acid of the
present invention will generally contain phosphodiester
bonds, although in some cases, as outlined below (for
example 1n the construction of primers and probes such as
label probes), nucleic acid analogs are included that may have
alternate backbones, comprising, for example, phosphora-
mide (Beaucage et al., Tetrahedron 49(10):1925 (1993) and
references therein; Letsinger, J. Org. Chem. 35:3800 (1970);
Sprinzl etal., Eur. J. Biochem. 81:579 (1977); Letsinger et al.,
Nucl. Acids Res. 14:3487 (1986); Sawai et al, Chem. Lett.
805 (1984), Letsinger et al., J. Am. Chem. Soc. 110:4470
(1988); and Pauwels et al., Chemica Scripta 26:141 91986)),
phosphorothioate (Mag et al., Nucleic Acids Res. 19:1437
(1991); and U.S. Pat. No. 5,644,048), phosphorodithioate
(Briu et al., J. Am. Chem. Soc. 111:2321 (1989), O-meth-
ylphosphoroamidite linkages (see Eckstein, Oligonucle-
otides and Analogues: A Practical Approach, Oxtord Univer-
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sity Press), and peptide nucleic acid (also referred to herein as
“PNA”) backbones and linkages (see Egholm, J. Am. Chem.

Soc. 114:1895 (1992); Meier et al., Chem. Int. Ed. Engl.
31:1008 (1992); Nielsen, Nature, 365:566 (1993); Carlsson et
al., Nature 380:207 (1996), all of which are incorporated by
reference). Other analog nucleic acids include those with
bicyclic structures including locked nucleic acids (also

referred to hereimn as “LLNA”), Koshkin et al., J. Am. Chem.
Soc. 120:13252 3 (1998); positive backbones (Denpcy et al.,
Proc. Natl. Acad. Sc1. USA 92:6097 (1995); non-1onic back-
bones (U.S. Pat. Nos. 5,386,023, 5,637,684, 5,602,240,
5,216,141 and 4,469,863; Kiedrowshi et al., Angew. Chem.
Intl. Ed. English 30:423 (1991); Letsinger etal., J. Am. Chem.
Soc. 110:44°70 (1988); Letsinger et al., Nucleoside & Nucle-
otide 13:1597 (1994); Chapters 2 and 3, ASC Symposium
Series 580, “Carbohydrate Modifications 1n Antisense
Research”, Ed. Y. S. Sanghu1 and P. Dan Cook; Mesmaeker et
al., Bioorganic & Medicinal Chem. Lett. 4:395 (1994); Jeifs
ct al., J. Biomolecular NMR 34:17 (1994); Tetrahedron Lett.
377743 (1996)) and non-ribose backbones, including those
described 1n U.S. Pat. Nos. 5,235,033 and 35,034,506, and
Chapters 6 and 7, ASC Symposium Series 580, “Carbohy-
drate Modifications in Antisense Research”, Ed. Y. S. Sanghui
and P. Dan Cook. Nucleic acids containing one or more car-
bocyclic sugars are also included within the definition of
nucleic acids (see Jenkins et al., Chem. Soc. Rev. (1995) pp

169 176). Several nucleic acid analogs are described 1n
Rawls, C & E News Jun. 2, 1997 page 35. “Locked nucleic

acids” (LNA™) are also included within the definition of
nucleic acid analogs. LNAs are a class of nucleic acid ana-
logues 1n which the ribose ring 1s “locked” by a methylene
bridge connecting the 2'-0 atom with the 4'-C atom. All of
these references are hereby expressly incorporated by refer-
ence 1n their entirety for all purposes and 1n particular for all
teachings related to nucleic acids. These modifications of the
ribose-phosphate backbone may be done to increase the sta-
bility and hali-life of such molecules 1n physiological envi-
ronments. For example, PNA:DNA and LNA-DNA hybrids
can exhibit higher stability and thus may be used in some
embodiments.

The nucleic acid templates of the invention comprise target
nucleic acids and adaptors. As used herein, the term “adaptor”™
refers to an oligonucleotide of known sequence. Adaptors of
use 1n the present mnvention may include a number of ele-
ments. The types and numbers of elements (also referred to
herein as “features”, “functional elements” and grammatical
equivalents) included 1n an adaptor will depend on the
intended use of the adaptor. Adaptors of use in the present
invention will generally include without limitation sites for
restriction endonuclease recognition and/or cutting, particu-
larly Type 1Is recognition sites that allow for endonuclease
binding at a recognition site within the adaptor and cutting
outside the adaptor as described below, sites for primer bind-
ing (for amplifying the nucleic acid constructs) or anchor
primer (sometimes also referred to herein as “anchor probes™)
binding (for sequencing the target nucleic acids 1n the nucleic
acid constructs), nickase sites, and the like. In some embodi-
ments, adaptors will comprise a single recognition site for a
restriction endonuclease, whereas 1n other embodiments,
adaptors will comprise two or more recognition sites for one
or more restriction endonucleases. As outlined herein, the
recognition sites are frequently (but not exclusively) found at
the termini of the adaptors, to allow cleavage of the double
stranded constructs at the farthest possible position from the
end of the adaptor. Adaptors of use 1n the invention are
described herein and in U.S. application Ser. Nos. 11/679,
124; 11/981,761; 11/981,661; 11/981,605; 11/981,793;




US 9,222,132 B2

15

11/981,804; 11/451,691; 11/981,607; 11/981,767; 11/982,
467, 11/451,692; 12/335,168; 11/541,225; 11/927,356;
11/927,388; 11/938,096; 11/938,106; 10/547,214; 11/981,
730, 11/981,685; 11/981,797;, 12/252,280; 11/934,693;
11/934,697; 11/934,703; 12/265,593; 12/266,385; 11/938,
213; 11/938,221; 12/325,922; 12/329,365; 12/335,188 and

12/359,165, all of which are hereby incorporated by reference
in their entirety for all purposes and particularly for all dis-
closure related to adaptors and target nucleic acid templates
comprising adaptors.

In some embodiments, adaptors of the invention have a
length of about 10 to about 250 nucleotides, depending on the
number and size of the features included 1n the adaptors. In
certain embodiments, adaptors of the invention have a length
ol about 50 nucleotides. In further embodiments, adaptors of

use 1n the present invention have a length of about 20 to about
225, about 30 to about 200, about 40 to about 175, about 50 to
about 150, about 60 to about 125, about 70 to about 100, and
about 80 to about 90 nucleotides.

In further embodiments, adaptors may optionally include
clements such that they can be ligated to a target nucleic acid
as two “arms”. One or both of these arms may comprise an
intact recognition site for a restriction endonuclease, or both
arms may comprise part of a recognition site for a restriction
endonuclease. In the latter case, circularization of a construct
comprising a target nucleic acid bounded at each termini by
an adaptor arm will reconstitute the entire recognition site.

In still further embodiments, adaptors of use in the inven-
tion will comprise different anchor binding sites (also
referred to herein as “anchor sites™) at their 3' and the 3' ends.
As described further herein, such anchor binding sites can be
used 1n sequencing applications, including the combinatorial
probe anchor ligation (cPAL) method of sequencing,

described herein and in U.S. application Ser. Nos. 11/679,

124; 11/981,761; 11/981,661; 11/981,605; 11/981,793;
11/981,804; 11/451,691; 11/981,607; 11/981,767; 11/982,
467, 11/451,692; 12/335,168; 11/541,225; 11/927,356;
11/927,388; 11/938,096; 11/938,106; 10/5477,214; 11/981,
730; 11/981,685; 11/981,797; 12/252,280; 11/934,693;
11/934,697; 11/934,703; 12/265,593; 12/266,385; 11/938,
213; 11/938,221; 12/325,922; 12/329,3635; 12/335,188 and
12/359,163, all of which are hereby incorporated by reference
in their entirety for all purposes and particularly for all dis-
closure related to, all of which are hereby incorporated by
reference in their entirety, and particularly for all disclosure
related to sequencing by ligation.

In one aspect, adaptors of the mvention are interspersed
adaptors. By “interspersed adaptors™ 1s meant herein oligo-
nucleotides that are inserted at spaced locations within the
interior region of a target nucleic acid. In one aspect, “inte-
rior” i reference to a target nucleic acid means a site internal
to a target nucleic acid prior to processing, such as circular-
1zation and cleavage, that may introduce sequence 1nversions,
or like transformations, which disrupt the ordering of nucle-
otides within a target nucleic acid.

“Interspersed adaptors™ can be inserted such that they
interrupt a contiguous target sequence, thus conferring a spa-
tial and distance orientation between the target sequences.
That 1s, as outlined herein and in the mcorporated applica-
tions, using endonucleases that cut outside of the recognition
sequence allows the precise msertion (via ligation) of adap-
tors at defined intervals within the target sequence. This
facilitates sequence reconstruction and alignment, as
sequence runs of 10 bases each from a single adaptor can
allow 20, 30, 40, etc. bases to be read without alignment, per
Se.

10

15

20

25

30

35

40

45

50

55

60

65

16

The nucleic acid template constructs of the invention con-
tain multiple interspersed adaptors inserted into a target
nucleic acid, and 1n a particular orientation. As discussed
further herein, the target nucleic acids are produced from
nucleic acids 1solated from one or more cells, including one to
several million cells. These nucleic acids are then fragmented
using mechanical or enzymatic methods.

The target nucleic acid that becomes part of a nucleic acid
template construct of the invention may have interspersed
adaptors inserted at intervals within a contiguous region of
the target nucleic acids at predetermined positions. The inter-
vals may or may not be equal. In some aspects, the accuracy
ol the spacing between interspersed adaptors may be known
only to an accuracy of one to a few nucleotides. In other
aspects, the spacing of the adaptors 1s known, and the orien-
tation of each adaptor relative to other adaptors 1n the library
constructs 1s known. That1s, 1n many embodiments, the adap-
tors are inserted at known distances, such that the target
sequence on one terminus 1s contiguous in the naturally
occurring genomic sequence with the target sequence on the
other terminus. For example, 1n the case of a Type 1Is restric-
tion endonuclease that cuts 16 bases from the recognition site,
if the recognition site 1s located 3 bases into the adaptor, the
endonuclease cuts 13 bases from the end of the adaptor. Upon
the insertion of a second adaptor, the target sequence
“upstream” of the adaptor and the target sequence “down-
stream’ of the adaptor are actually contiguous sequences 1n
the original target sequence. Thus, the mterspersed adaptors
of the present invention are truly “inserted” into a target
sequence rather than simply appended to the ends of frag-
ments randomly generated through enzymatic and mechani-
cal methods.

Although the embodiments of the invention described
herein are generally described 1in terms of circular nucleic
acid template constructs, 1t will be appreciated that nucleic
acid template constructs may also be linear. Furthermore,
nucleic acid template constructs of the invention may be
single- or double-stranded, with the latter being preferred 1n
some embodiments.

In further embodiments, nucleic acid templates formed
from a plurality of genomic fragments can be used to create a
library of nucleic acid templates. Such libraries of nucleic
acid templates will 1n some embodiments encompass target
nucleic acids that together encompass all or part of an entire
genome. That 1s, by using a suflicient number of starting
genomes (€.g. cells), combined with random fragmentation,
the resulting target nucleic acids of a particular size that are
used to create the circular templates of the invention sudfi-
ciently “cover” the genome, although as will be appreciated,
on occasion, bias may be mtroduced mnadvertently to prevent
the entire genome from being represented.

The nucleic acid template constructs of the imnvention com-
prise multiple interspersed adaptors, and 1n some aspects,
these interspersed adaptors comprise one or more recognition
sites for restriction endonucleases. In further aspect, the adap-
tors comprise recognition sites for Type IIs endonucleases.
Type-IIs endonucleases are generally commercially available
and are well known 1n the art. Like their Type-II counterparts,
Type-IIs endonucleases recognize specific sequences of
nucleotide base pairs within a double stranded polynucleotide
sequence. Upon recogmzing that sequence, the endonuclease
will cleave the polynucleotide sequence, generally leaving an
overhang ol one strand of the sequence, or “sticky end.”
Type-IIs endonucleases also generally cleave outside of their
recognition sites; the distance may be anywhere from about 2
to 30 nucleotides away from the recognition site depending
on the particular endonuclease. Some Type-1Is endonucleases
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are “exact cutters” that cut a known number of bases away
from their recognition sites. In some embodiments, Type 1ls
endonucleases are used that are not “exact cutters”™ but rather
cut within a particular range (e.g. 6 to 8 nucleotides). Gener-
ally, Type 1Is restriction endonucleases of use 1n the present
invention have cleavage sites that are separated from their
recognition sites by at least s1x nucleotides (1.¢. the number of
nucleotides between the end of the recognition site and the
closest cleavage point). Exemplary Type Ils restriction endo-
nucleases 1include, but are not limited to, EcoS7M I, Mme I,
Acul, Bpm I, BceA I, Bbv I, BaV I, BpuE I, BseM 11, BseR
I,Bsgl, BsmF I, BtgZ I, Eci11, EcoP151, Eco57M1, Fok I, Hga
I,Hph I, Mbo II, Mnl I, STaN I, TspDT I, TspDW I, Taq 11, and
the like. In some exemplary embodiments, the Type IIs
restriction endonucleases used 1n the present invention are
Acul, which has a cut length of about 16 bases with a 2-base
3" overhang and EcoP13, which has a cut length of about 25
bases with a 2-base 5' overhang. As will be discussed further
below, the inclusion of a Type 1Is site in the adaptors of the
nucleic acid template constructs of the invention provides a
tool for inserting multiple adaptors 1n a target nucleic acid at
a defined location.

As will be appreciated, adaptors may also comprise other
clements, including recognition sites for other (non-Type Ils)
restriction endonucleases, including Type 1 and Type III
restriction endonucleases, as well as Type II endonucleases
(including 11B, IIE, I1G, IIM, and any other enzymes known
in the art), primer binding sites for amplification as well as
binding sites for probes used 1n sequencing reactions (“an-
chor probes”), described further herein. Type III endonu-
cleases, similar to the Type IIs endonucleases, cut at sites
outside of their recognition sites. These enzymes, as for many
of the enzymes recited herein, may also be used in to control
the 1nactivation and activation of restriction endonuclease
recognition sites through methylation, as described 1n U.S.
application Ser. Nos. 12/265,593; 12/266,385; 12/329,363;
and 12/335,188, each of which 1s herein incorporated by
reference 1n its entirety for all purposes and 1n particular for
all teachings related to the 1nsertion of multiple adaptors and
the control over recognition sites for restriction endonu-
cleases contained 1n such adaptors.

In one aspect, adaptors of use in the invention have
sequences as shown 1n FIGS. 9 and 10 (SEQ ID NOs. 1-9). In
turther aspects, adaptors of use 1n the invention may comprise
one or more of the sequences 1llustrated in F1IGS. 9 and 10. As
will be appreciated, sequences that have at least 65%, 70%,
75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
7%, 98%, and 99% sequence 1dentity to the sequences pro-
vided 1n FIGS. 1 and 2 are also encompassed by the present
invention. As identified 1n the schematic of one of the adap-
tors 1n FIG. 10B, adaptors can comprise multiple functional
teatures, including recognition sites for Type Ils restriction
endonucleases (1003 and 1006), sites for nicking endonu-
cleases (1004) as well as sequences that can influence sec-
ondary characteristics, such as bases to disrupt hairpins (1001
and 1002).

In further embodiments, adaptors of use 1n the invention
contain stabilizing sequences. By the term “stabilizing
sequences” or “‘stabilization sequences” herein 1s meant
nucleic acid sequences that facilitate DNB formation and/or
stability. For example, stabilization sequences can allow the
formation of secondary structures within the DNBs of the
invention. Complementary sequences, including palindromic
sequences, find particular use 1n the mvention. In some cases,
it 1s possible to use nucleic acid binding proteins and their
recognition sequences as stabilization sequences, or
crosslinking components as 1s more fully described below.
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Multiple configurations of stabilizing sequences can be used
in the invention, and will depend 1n part upon the numbers of
adaptors used 1n the constructs, the desired structures of the
amplicon, and the placement of the binding region in each
construct relative to the stabilizing sequences. Stabilizing
sequences (also referred to as “secondary structure
sequences’’) are described in U.S. patent application Ser. Nos.

11/679,124; 11/981,761; 11/981,661; 11/981,605; 11/981,
793; 11/981,804; 11/451,691; 11/981,607; 11/981,767;
11/982,467; 11/451,692; 12/335,168; 11/541,225; 11/927,
356; 11/927,388; 11/938,096; 11/938,106; 10/347,214;
11/981,730; 11/981,685; 11/981,797; 12/252,280; 11/934,
695; 11/934,697; 11/934,703; 12/265,593; 12/266,385;
11/938,213; 11/938,221; 12/325,922; 12/329,365; 12/335,
188 and 12/359,165, all of which are hereby incorporated by
reference 1n their entirety for all purposes and particularly for
all disclosure related to stabilizing and secondary structure
sequences.

In some embodiments, concatemers of the invention are
disposed on the surface of a substrate. Methods for making
such compositions (also referred to herein as “arrays™) are
described 1n U.S. application Ser. Nos. 11/679,124; 11/981,
761; 11/981,661; 11/981,605; 11/981,793; 11/981,804;
11/451,691; 11/981,607; 11/981,767; 11/982,467; 11/451,
692; 12/335,168; 11/541,225; 11/927,356; 11/927,388;
11/938,096; 11/938,106; 10/347,214; 11/981,730; 11/981,
685; 11/981,797; 12/252,280; 11/934,695; 11/934,697;
11/934,703; 12/265,593; 12/266,385; 11/938,213; 11/938,
221; 12/325,922; 12/329,365; 12/335,188 and 12/359,165,
all of which are hereby incorporated by reference in their
entirety for all purposes and particularly for all disclosure
related to arrays of concatemers and methods of making such
arrays.

In certain embodiments, arrays of the invention comprise
concatemers that are randomly disposed on an unpatterned or
patterned surface. In certain embodiments, arrays of the
invention comprise concatemers that are disposed 1n known
locations on an unpatterned or patterned surface. Arrays of
the invention may comprise concatemers fixed to surface by a
variety ol techniques, including covalent attachment and non-
covalent attachment. In one embodiment, a surface may
include capture probes that form complexes, e.g., double
stranded duplexes, with component of a polynucleotide mol-
ecule, such as an adaptor oligonucleotide. In other embodi-
ments, capture probes may comprise oligonucleotide clamps,
or like structures, that form triplexes with adaptors, as
described 1in Gryaznov etal, U.S. Pat. No. 5,473,060, which 1s
hereby incorporated in 1ts enftirety for all purposes and in
particular for all teachings related to arrays.

II1. Sequencing Methods

The present invention provides methods and compositions
for 1identifying multiple bases 1n a target nucleic acid by
utilizing sets of probes that can distinguish between four
possible bases at one or more positions 1n a target sequence
using fewer than four labels 1n a set of sequencing probes. The
methods of the present invention allow for multiple base calls
per sequencing cycle, thus reducing the time and cost of
sequencing and detection of sequences ol target nucleic acids.

Although the following description of sequencing applica-
tions of the present invention 1s provided 1n terms of DNBs, 1t
will be appreciated that these methods can be applied to any
nucleic acid targets and are not necessarily limited to con-
catemers comprising target sequence and adaptors.

Methods of using DNBs in accordance with the present
invention include sequencing and detecting specific
sequences 1n target nucleic acids (e.g., detecting particular
target sequences (e.g. specific genes) and/or 1dentitying and/
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or detecting SNPs). The methods described herein can also be
used to detect nucleic acid rearrangements and copy number
variation. Nucleic acid quantification, such as digital gene
expression (1.e., analysis of an enftire transcriptome—all
mRNA present in a sample) and detection of the number of
specific sequences or groups of sequences 1n a sample, can
also be accomplished using the methods described herein.
Methods of using DNBs in sequencing reactions and 1n the
detection of particular target sequences are also described 1n
U.S. patent application Ser. Nos. 11/679,124; 11/981,761;
11/981,661; 11/981,605; 11/981,793; 11/981,804; 11/431,
691; 11/981,607; 11/981,767; 11/982,467; 11/451,692;
12/335,168; 11/541,225; 11/927,356; 11/927,388; 11/938,
096; 11/938,106; 10/547,214; 11/981,730; 11/981,683;
11/981,797; 12/252,280; 11/934,6935; 11/934,697; 11/934,
703; 12/265,593; 12/266,385; 11/938,213; 11/938,221;
12/325,922;12/329,365;12/335,188 and 12/359,165, each of
which 1s herein incorporated by reference 1n 1ts entirety for all
purposes and 1n particular for all teachings related conducting,
sequencing reactions on DNBs of the invention. As will be
appreciated, any of the sequencing methods described herein
and known 1n the art can be applied to nucleic acid templates
and/or DNBs of the mvention in solution or to nucleic acid
templates and/or DNBs disposed on a surface and/or in an
array.

In one aspect, sequences of DNBs are identified using
sequencing methods known 1n the art, including, but not
limited to, hybridization-based methods, such as disclosed 1n
Drmanac, U.S. Pat. Nos. 6,864,052: 6,309,824; and 6,401,
267, and Drmanac et al, U.S. patent publication 2005/
0191656, and sequencing by synthesis methods, e.g. Nyren et
al, U.S. Pat. No. 6,210,891; Ronaghi, U.S. Pat. No. 6,828,
100; Ronaghi et al (1998), Science, 281: 363-3635; Balasubra-
manian, U.S. Pat. No. 6,833,246; Quake, U.S. Pat. No. 6,911,
3435; La et al, Proc. Natl. Acad. Sci., 100: 414-419 (2003);
Smith et al, PCT publication WO 2006/074351; and ligation-
based methods, e.g. Shendure et al (2003), Science, 309:
1728-1739, Macevicz, U.S. Pat. No. 6,306,597, wherein each
of these references 1s herein incorporated by reference 1n 1ts
entirety for all purposes and 1n particular teachings regarding
the figures, legends and accompanying text describing the
compositions, methods of using the compositions and meth-
ods of making the compositions, particularly with respect to
sequencing.

In some embodiments, nucleic acid templates of the iven-
tion, as well as DNBs generated from those templates, are
used 1n sequencing by synthesis methods. The efficiency of
sequencing by synthesis methods utilizing nucleic acid tem-
plates of the invention 1s 1increased over conventional
sequencing by synthesis methods utilizing nucleic acids that
do not comprise multiple interspersed adaptors. Rather than a
single long read, nucleic acid templates of the invention allow
for multiple short reads that each start at one of the adaptors
in the template. Such short reads consume fewer labeled
dNTPs, thus saving on the cost of reagents. In addition,
sequencing by synthesis reactions can be performed on DNB
arrays, which provide a high density of sequencing targets as
well as multiple copies of monomeric units. Such arrays
provide detectable signals at the single molecule level while
at the same time providing an increased amount of sequence
information, because most or all of the DNB monomeric units
will be extended without losing sequencing phase. The high
density of the arrays also reduces reagent costs—in some
embodiments the reduction in reagent costs can be from about
30 to about 40% over conventional sequencing by synthesis
methods. In some embodiments, the interspersed adaptors of
the nucleic acid templates of the invention provide a way to
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combine about two to about ten standard reads 11 inserted at
distances of from about 30 to about 100 bases apart from one
another. In such embodiments, the newly synthesized strands
will not need to be stripped oif for further sequencing cycles,
thus allowing the use of a single DNB array through about
100 to about 400 sequencing by synthesis cycles.
IITA. Sequencing by Ligation Using cPAL Methods

In one aspect, the present invention provides methods for
identifying sequences of DNBs that utilize a sequencing by
ligation method. In specific embodiments, the sequencing by
ligation method used 1s a combinatorial probe anchor ligation
(cPAL) method. Generally, cPAL 1nvolves identifying a
nucleotide at a detection position in a target nucleic acid by
detecting a probe ligation product formed by ligation of at
least one anchor probe and at least one sequencing probe.
Such methods are described in U.S. patent application Ser.

Nos. 11/679,124; 11/981,761; 11/981,661; 11/981,605;
11/981,793; 11/981,804; 11/451,691; 11/981,607; 11/981,
767, 11/982,467, 11/451,692; 12/335,168; 11/541,225;
11/927,356; 11/927,388; 11/938,096; 11/938,106; 10/547,
214; 11/981,730; 11/981,685; 11/981,797; 12/252,280;
11/934,695; 11/934,697; 11/934,703; 12/265,593; 12/266,
385; 11/938,213; 11/938,221; 12/325,922; 12/329,363;

12/335,188 and 12/359,163, each of which 1s herein incorpo-
rated by reference 1n 1ts entirety for all purposes and 1n par-
ticular for all teachings related to cPAL sequencing methods.
Methods of the invention can be used to sequence a portion or
the entire sequence of the target nucleic acid contained 1n a
DNB, and many DNBs that represent a portion or all of a
genome.

As discussed further herein, every DNB comprises repeat-
Ing monomeric units, cach monomeric unit comprising one or
more adaptors and a target nucleic acid. The target nucleic
acid comprises a plurality of detection positions. The term
“detection position” refers to a position 1n a target sequence
for which sequence information 1s desired. As will be appre-
ciated by those 1n the art, generally a target sequence has
multiple detection positions for which sequence information
1s required, for example in the sequencing of complete
genomes as described herein. In some cases, for example 1n
SNP analysis, 1t may be desirable to just read a single SNP 1n
a particular area.

The present mnvention provides methods of sequencing by
ligation that utilize a combination of anchor probes and
sequencing probes. By “sequencing probe” as used herein 1s
meant an oligonucleotide that 1s designed to provide the 1den-
tity of a nucleotide at a particular detection position of a target
nucleic acid. Sequencing probes hybridize to domains within
target sequences, e.g. a first sequencing probe may hybridize
to a first target domain, and a second sequencing probe may
hybridize to a second target domain. The terms “first target
domain” and “second target domain” or grammatical equiva-
lents herein means two portions of a target sequence within a
nucleic acid which 1s under examination. The first target
domain may be directly adjacent to the second target domain,
or the first and second target domains may be separated by an
intervening sequence, for example an adaptor. The terms
“first” and “second” are not meant to confer an orientation of
the sequences with respect to the 5'-3' orientation of the target
sequence. For example, assuming a 5'-3' orientation of the
complementary target sequence, the first target domain may
be located either 5' to the second domain, or 3' to the second
domain. Sequencing probes can overlap, e.g. a first sequenc-
ing probe can hybridize to the first 6 bases adjacent to one
terminus of an adaptor, and a second sequencing probe can
hybridize to the 3rd-9th bases from the terminus of the adap-
tor (for example when an anchor probe has three degenerate
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bases). Alternatively, a first sequencing probe can hybridize
to the 6 bases adjacent to the “upstream” terminus of an
adaptor and a second sequencing probe can hybridize to the 6
bases adjacent to the “downstream” terminus of an adaptor.

Sequencing probes will generally comprise a number of
degenerate bases and a specific nucleotide at a specific loca-
tion within the probe to query the detection position (also
referred to herein as an “interrogation position™).

In general, pools of sequencing probes are used when
degenerate bases are used. That 1s, a probe having the
sequence “NNNANN? 1s actually a set of probes of having all
possible combinations of the four nucleotide bases at five
positions (1.e., 1024 sequences) with an adenosine at the 6th
position. (As noted herein, this terminology 1s also applicable
to adaptor probes: for example, when an adaptor probe has
“three degenerate bases™, for example, 1t 1s actually a set of
adaptor probes comprising the sequence corresponding to the
anchor site, and all possible combinations at 3 positions, so 1t
1s a pool of 64 probes).

In some embodiments, for each interrogation position, four
differently labeled pools can be combined 1n a single pool and
used 1n a sequencing step. Thus, 1n any particular sequencing,
step, 4 pools are used, each with a different specific base at the
interrogation position and with a different label correspond-
ing to the base at the interrogation position. That 1s, sequenc-
ing probes are also generally labeled such that a particular
nucleotide at a particular interrogation position 1s associated
with a label that 1s different from the labels of sequencing
probes with a different nucleotide at the same interrogation
position. For example, four pools can be used: NNNANN-
dyel, NNNTNN-dye2, NNNCNN-dye3 and NNNGNN-
dye4 1n a single step, as long as the dyes are optically resolv-
able. In some embodiments, for example for SNP detection, 1t
may only be necessary to include two pools, as the SNP call
will be erther a C or an A, etc. Similarly, some SNPs have
three possibilities. Alternatively, 1n some embodiments, 11 the
reactions are done sequentially rather than simultaneously,
the same dye can be done, just 1n different steps: e.g. the
NNNANN-dyel probe can be used alone 1n a reaction, and
either a signal 1s detected or not, and the probes washed away;
then a second pool, NNNTNN-dyel can be introduced.

In any of the sequencing methods described herein,
sequencing probes may have a wide range of lengths, includ-
ing about 3 to about 25 bases. In further embodiments,
sequencing probes may have lengths in the range of about 5 to
about 20, about 6 to about 18, about 7 to about 16, about 8 to
about 14, about 9 to about 12, and about 10 to about 11 bases.

Sequencing probes of the present invention are designed to
be complementary, and in general, perfectly complementary,
to a sequence of the target sequence such that hybridization of
a portion target sequence and probes of the present invention
occurs. In particular, 1t 1s important that the interrogation
position base and the detection position base be perfectly
complementary and that the methods of the mvention do not
result 1n signals unless this 1s true.

In many embodiments, sequencing probes are periectly
complementary to the target sequence to which they hybrid-
1ze; that 1s, the experiments are run under conditions that
favor the formation of perfect basepairing, as 1s known in the
art. As will be appreciated by those in the art, a sequencing
probe that 1s perfectly complementary to a first domain of the
target sequence could be only substantially complementary to
a second domain of the same target sequence; that is, the
present mvention relies 1n many cases on the use of sets of
probes, for example, sets of hexamers, that will be pertectly
complementary to some target sequences and not to others.
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In some embodiments, depending on the application, the
complementarity between the sequencing probe and the tar-
get need not be pertect; there may be any number of base pair
mismatches, which will interfere with hybridization between
the target sequence and the single stranded nucleic acids of
the present invention. However, 11 the number of mismatches
1s so great that no hybridization can occur under even the least
stringent ol hybridization conditions, the sequence is not a
complementary target sequence. Thus, by “substantially
complementary” herein 1s meant that the sequencing probes
are sulliciently complementary to the target sequences to
hybridize under normal reaction conditions. However, for
most applications, the conditions are set to favor probe
hybridization only 11 perfectly complementarity exists. Alter-
natively, sullicient complementarity 1s required to allow the
ligase reaction to occur; that 1s, there may be mismatches 1n
some part of the sequence but the interrogation position base
should allow ligation only 1f perfect complementarity at that
position occurs.

In some cases, 1n addition to or instead of using degenerate
bases 1 probes of the invention, universal bases which
hybridize to more than one base can be used. For example,
inosine can be used. Any combination of these systems and
probe components can be utilized.

Sequencing probes of use 1n methods of the present mnven-
tion are usually detectably labeled. By “label” or “labeled”
herein 1s meant that a compound has at least one element,
1sotope or chemical compound attached to enable the detec-
tion of the compound. In general, labels of use i the invention
include without limitation 1sotopic labels, which may be
radioactive or heavy 1sotopes, magnetic labels, electrical
labels, thermal labels, colored and luminescent dyes,
enzymes and magnetic particles as well. Dyes of use 1n the
invention may be chromophores, phosphors or fluorescent
dyes, which due to their strong signals provide a good signal-
to-noise ratio for decoding. Sequencing probes may also be
labeled with quantum dots, fluorescent nanobeads or other
constructs that comprise more than one molecule of the same
fluorophore. Labels comprising multiple molecules of the
same fHluorophore will generally provide a stronger signal and
will be less sensitive to quenching than labels comprising a
single molecule of a fluorophore. It will be understood that
any discussion herein of a label comprising a fluorophore will
apply to labels comprising single and multiple fluorophore
molecules.

Many embodiments of the mvention include the use of
fluorescent labels. Suitable dyes for use in the invention
include, but are not limited to, fluorescent lanthanide com-
plexes, including those of Europium and Terbium, fluores-
cein, rhodamine, tetramethylrhodamine, eosin, erythrosin,
coumarin, methyl-coumarins, pyrene, Malacite green, stil-
bene, Lucifer Yellow, CASCADFE BLUE®, Texas Red, and
others described 1n the 6th Edition of the Molecular Probes
Handbook by Richard P. Haugland, hereby expressly incor-
porated by reference 1n its entirety for all purposes and in
particular for 1ts teachings regarding labels of use in accor-
dance with the present invention. Commercially available
fluorescent dyes for use with any nucleotide for incorporation
into nucleic acids include, but are not limited to: Cy3, Cy3,

(Amersham Biosciences, Piscataway, N.J., USA), fluores-
cein, tetramethylrhodamine-, TEXAS RED®, CASCADE

BLUE®, BODIPY® FL-14, BODIPY®R, BODIPY®
TR-14, RHODAMINE GREEN™, OREGON GREEN®
488, BODIPY® 630/650, BODIPY® 650/665-, ALEXA
FLUOR® 488, ALEXA FLUOR® 532, ALEXA FLUOR®
568, ALEXA FLUOR® 594, ALEXA FLUOR® 546 (Mo-
lecular Probes, Inc. Eugene, Oreg., USA), QUASAR® 570,
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QUASAR® 670, Cal Red 610 (BioSearch Technologies,
Novato, Ca). Other fluorophores available for post-synthetic
attachment include, inter alia, ALEXA FLUOR® 350,
ALEXA FLUOR® 532, ALEXA FLUOR® 346, ALEXA
FLUOR® 568, ALEXA FLUOR® 594, ALEXA FLUOR®
64’7, BODIPY® 493/503, BODIPY® FL, BODIPY® R6G,
BODIPY® 530/550, BODIPY® TMR, BODIPY® 3558/568,
BODIPY® 558/568, BODIPY® 564/570, BODIPY® 576/
589, BODIPY® 581/591, BODIPY® 630/650, BODIPY®
650/665, CASCADE BLUE®, CASCADE YELLOWT™,
Dansyl, lissamine rhodamine B, Marina Blue, Oregon Green
488, Oregon Green 3514, Pacific Blue, rhodamine 6G,
rhodamine green, rhodamine red, tetramethylrhodamine,
Texas Red (available from Molecular Probes, Inc., Fugene,
Oreg., USA), and Cy2, Cy3.5, Cy5.5, and Cy7 (Amersham
Biosciences, Piscataway, N.J. USA, and others). In some
embodiments, the labels used include fluoroscein, Cy3, Texas
Red, Cy5, QUASAR® 570, QUASAR® 670 and Cal Red 610
are used 1n methods of the present invention.

Labels can be attached to nucleic acids to form the labeled
sequencing probes of the present ivention using methods
known 1n the art, and to a variety of locations of the nucleo-
sides. For example, attachment can be at either or both termini
of the nucleic acid, or at an internal position, or both. For
example, attachment of the label may be done on a ribose of
the ribose-phosphate backbone at the 2' or 3' position (the
latter for use with terminal labeling), 1n one embodiment
through an amide or amine linkage. Attachment may also be
made via a phosphate of the ribose-phosphate backbone, or to
the base of a nucleotide. Labels can be attached to one or both
ends of a probe or to any one of the nucleotides along the
length of a probe.

Sequencing probes are structured differently depending on
the interrogation position desired. For example, in the case of
sequencing probes labeled with fluorophores, a single posi-
tion within each sequencing probe will be correlated with the
identity of the fluorophore with which 1t 1s labeled. Generally,
the fluorophore molecule will be attached to the end of the
sequencing probe that i1s opposite to the end targeted for
ligation to the anchor probe.

By “anchor probe™ as used herein 1s meant an oligonucle-
otide designed to be complementary to at least a portion of an
adaptor, referred to herein as “an anchor site”. Adaptors can
contain multiple anchor sites for hybridization with multiple
anchor probes, as described herein. As discussed further
herein, anchor probes of use in the present invention can be
designed to hybridize to an adaptor such that at least one end
of the anchor probe 1s flush with one terminus of the adaptor
(etther “upstream” or “downstream™, or both). In further
embodiments, anchor probes can be designed to hybridize to
at least a portion of an adaptor (a first adaptor site) and also at
least one nucleotide of the target nucleic acid adjacent to the
adaptor (“overhangs™). As illustrated in FIG. 5, anchor probe
502 comprises a sequence complementary to a portion of the
adaptor. Anchor probe 502 also comprises four degenerate
bases at one terminus. This degeneracy allows for a portion of
the anchor probe population to fully or partially match the
sequence of the target nucleic acid adjacent to the adaptor and
allows the anchor probe to hybridize to the adaptor and reach
into the target nucleic acid adjacent to the adaptor regardless
of the identity of the nucleotides of the target nucleic acid
adjacent to the adaptor. This shift of the terminal base of the
anchor probe 1nto the target nucleic acid shiits the position of
the base to be called closer to the ligation point, thus allowing,
the fidelity of the ligase to be maintained. In general, ligases
ligate probes with higher efﬁc1ency 11 the probes are pertectly
complementary to the regions of the target nucleic acid to
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which they are hybridized, but the fidelity of ligases decreases
with distance away from the ligation point. Thus, 1n order to
minimize and/or prevent errors due to incorrect pairing
between a sequencing probe and the target nucleic acid, it can
be useful to maintain the distance between the nucleotide to
be detected and the ligation point of the sequencing and
anchor probes. By designing the anchor probe to reach into
the target nucleic acid, the fidelity of the ligase 1s maintained
while still allowing a greater number of nucleotides adjacent
to each adaptor to be 1dentified. Although the embodiment
illustrated 1n FIG. 5 1s one 1n which the sequencing probe
hybridizes to a region of the target nucleic acid on one side of
the adaptor, it will be appreciated that embodiments 1n which
the sequencing probe hybridizes on the other side of the
adaptor are also encompassed by the invention. InFIG. 5, “N”
represents a degenerate base and “B” represents nucleotides
of undetermined sequence. As will be appreciated, 1n some
embodiments, rather than degenerate bases, universal bases
may be used. It will appreciated that FIG. 3 illustrates only
one exemplary embodiment of sequencing by ligation meth-
ods of use 1n the present invention. Further embodiments are
described 1n U.S. application Ser. Nos. 11/679,124; 11/981,
761; 11/981,661; 11/981,605; 11/981,793; 11/981,804;
11/451,691; 11/981,607; 11/981,767; 11/982,467; 11/451,
692; 12/335,168; 11/541,225; 11/927,356; 11/927,388;
11/938,096; 11/938,106; 10/347,214; 11/981,730; 11/981,
685; 11/981,797; 12/252,280; 11/934,695; 11/934,697;
11/934,703; 12/265,593; 12/266,385; 11/938,213; 11/938,
221;12/325,922;12/329,365; and 12/335,188, each of which
1s hereby incorporated in its entirety for all purposes and 1n
particular for all teachings related to different embodiments
of sequencing by ligation using combinations of anchor and
sequencing probes.

Anchor probes of the mmvention may comprise any
sequence that allows the anchor probe to hybridize to a DNB,
generally to an adaptor of a DNB. Such anchor probes may
comprise a sequence such that when the anchor probe is
hybridized to an adaptor, the entire length of the anchor probe
1s contaimned within the adaptor. In some embodiments,
anchor probes may comprise a sequence that 1s complemen-
tary to at least a portion of an adaptor and also comprise
degenerate bases that are able to hybridize to target nucleic
acid regions adjacent to the adaptor. In some exemplary
embodiments, anchor probes are hexamers that comprise 3
bases that are complementary to an adaptor and 3 degenerate
bases. In some exemplary embodiments, anchor probes are
8-mers that comprise 3 bases that are complementary to an
adaptor and 5 degenerate bases. In further exemplary embodi-
ments, particularly when multiple anchor probes are used, a
first anchor probe comprises a number of bases complemen-
tary to an adaptor at one end and degenerate bases at another
end, whereas a second anchor probe comprises all degenerate
bases and 1s designed to ligate to the end of the first anchor
probe that comprises degenerate bases. It will be appreciated
that these are exemplary embodiments, and that a wide range
of combinations of known and degenerate bases can be used
to produce anchor probes of use i1n accordance with the
present invention.

The present invention provides sequencing by ligation
methods for identifying sequences of DNBs. In certain
aspects, the sequencing by ligation methods of the invention
include providing different combinations of anchor probes
and sequencing probes, which, when hybridized to adjacent
regions on a DNB, can be ligated to form probe ligation
products. The probe ligation products are then detected,
which provides the 1dentity of one or more nucleotides in the
target nucleic acid. By “ligation”™ as used herein 1s meant any
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method of joining two or more nucleotides to each other.
Ligation can include chemical as well as enzymatic ligation.
In general, the sequencing by ligation methods discussed
herein utilize enzymatic ligation by ligases. Such ligases
invention can be the same or different than ligases discussed

above for creation of the nucleic acid templates. Such ligases
include without limitation DNA ligase I, DNA ligase II, DNA

ligase 111, DNA ligase IV, E. coli DNA ligase, T4 DNA ligase,
T4 RNA ligase 1, T4 RNA ligase 2, T/ ligase, T3 DNA ligase,
and thermostable ligases (including without limitation Taq
ligase) and the like. As discussed above, sequencing by liga-
tion methods often rely on the fidelity of ligases to only join
probes that are perfectly complementary to the nucleic acid to
which they are hybridized. This fidelity will decrease with
increasing distance between a base at a particular position 1n
a probe and the ligation point between the two probes. As
such, conventional sequencing by ligation methods can be
limited 1n the number of bases that can be i1dentified. The
present invention increases the number of bases that can be
identified by using multiple probe pools, as 1s described fur-
ther herein.

A variety of hybridization conditions may be used 1n the
sequencing by ligation methods of sequencing as well as
other methods of sequencing described herein. These condi-
tions include high, moderate and low stringency conditions;
see for example Mamiatis et al., Molecular Cloning: A Labo-
ratory Manual, 2d Edition, 1989, and Short Protocols in
Molecular Biology, ed. Ausubel, et al, which are hereby
incorporated by reference. Stringent conditions are sequence-
dependent and will be different 1n different circumstances.
Longer sequences hybridize specifically at higher tempera-
tures. An extensive guide to the hybridization of nucleic acids
1s found 1n T1yssen, Techmques 1n Biochemistry and Molecu-
lar Biology—Hybridization with Nucleic Acid Probes,
“Overview of principles of hybridization and the strategy of
nucleic acid assays,” (1993). Generally, stringent conditions
are selected to be about 5-10° C. lower than the thermal
melting point (ITm) for the specific sequence at a defined 10nic
strength and pH. The Tm 1s the temperature (under defined
ionic strength, pH and nucleic acid concentration) at which
50% of the probes complementary to the target hybridize to
the target sequence at equilibrium (as the target sequences are
present 1n excess, at Tm, 50% of the probes are occupied at
equilibrium). Stringent conditions can be those 1n which the
salt concentration 1s less than about 1.0 M sodium 10n, typi-
cally about 0.01 to 1.0 M sodium 1on concentration (or other
salts) at pH 7.0 to 8.3 and the temperature 1s at least about 30°
C. for short probes (e.g. 10 to 30 nucleotides) and at least
about 60° C. for long probes (e.g. greater than 50 nucle-
otides). Stringent conditions may also be achieved with the
addition of helix destabilizing agents such as formamide. The
hybridization conditions may also vary when a non-ionic
backbone, 1.e. PNA 1s used, as 1s known 1n the art. In addition,
cross-linking agents may be added after target binding to
cross-link, 1.e. covalently attach, the two strands of the
hybridization complex.

In any of the embodiments described herein, sequencing,
probes of the invention can be modified such that they hybrid-
1ze to the target sequence and ligate to an adjacent anchor
probe 1n a desired orientation. For example, in order to ensure
that a set of sequencing probes will only ligate to an anchor
probe such that their interrogation position 1s two bases 5' of
the anchor probe, one end of the sequencing probes can be
blocked such that ligation can only occur at the desired end.
Such methods of modifying nucleic acids, including nucleic
acid sequencing probes, to control for orientation and direc-
tion of ligation are known in the art and are also described in
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U.S. application Ser. Nos. 12/329,365 and 12/335,188, which
are both herein incorporated by reference 1n their entirety for
all purposes and 1n particular for all teachings related to
controlling ligation of nucleic acid molecules to each other 1n
a desired orientation.

ITIIB. Increasing FEiliciency in Base Calling in Sequencing
Reactions

In one aspect, the present invention provides methods and
compositions for improving the efficiency 1n base calling 1n
sequencing reactions. By “base calling” herein 1s meant the
ability to read a nucleotide at a particular detection position
and 1s understood by those 1n the art. In some embodiments,
the present invention provides methods and compositions for
distinguishing among four different nucleotides using fewer
than four labels. In further embodiments, the present inven-
tion provides methods and compositions for detecting two or
more bases per sequencing reaction cycle. Such embodiments
serve to improve the efficiency of base calling, because the
reduction 1n the number of labels required 1n a particular
sequencing reaction and the increase in the number of bases
that can be read 1n a particular sequencing reaction cycle
serves to reduce costs and time associated with sequencing
target nucleic acids. Such a savings in time and costs can be of
particular benefit when sequencing large numbers of nucleic
acids, as 1s 1involved 1n applications such as whole genome
sequencing.

As discussed above, conventional methods of sequencing
will generally use four different labels to distinguish between
the four possible bases at a specific location 1n a target
sequence. The present invention utilizes fewer than four
unique labels to distinguish between the four possible bases,
thus increasing the speed and decreasing the cost of sequenc-
ing reactions. Using fewer than four labels to distinguish
between four nucleotides also provides the ability to detect
multiple bases 1n a sequencing reaction cycle without needing
to use more than four labels. This 1s of particular use at the
current state of the art, as most labels, particularly fluorescent
labels, are harder to distinguish when more than four wave-
lengths (e.g. four colors) are used.

Although the following description 1s provided in terms of
sequencing by ligation methods, particularly cPAL, 1t will be
appreciated that the methods and compositions described
herein can be used with any sequencing method known in the
art, including sequencing by extension (also known as
sequencing by synthesis) and sequencing by hybridization.
For example, 1t will be apparent to one of skill 1n the art that
probe sets such as those described 1n further detail below can
be used 1n sequencing by extension reactions, with the varia-
tion that rather than sequencing probes, the labels will gen-
erally be attached to dN'TPs. Such vaniations on the methods
and compositions described herein could be made using stan-
dard and routine techniques by one of skill 1n the art and are
therefore encompassed by the present invention.

In one embodiment, sequencing applications of the inven-
tion use sets of sequencing probes which are labeled 1n such
a way as to distinguish between four nucleotides at a single
detection position using only two different labels. Generally,
in this embodiment, only two labels are used, generally fluo-
rophores.

One example of this embodiment is 1llustrated 1n FI1G. 2. In
FIG. 2, set 202 1s an example of a probe set that 1s useful 1n
methods where two labels are used to read four bases. As
shown 1n 202, the A probe 1s labeled with a first label (1den-
tified as C1), the T probe (or U probe, if desirable) 1s labeled
with a second label (C2), the C probe 1s labeled with both the
first and the second label (C1+C2), and the G probe 1s not

labeled. As will be appreciated by those 1n the art, any com-
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bination or variation can be used (e.g. the T probe labeled with
C1, the C probe labeled with C2, the A probe labeled with
C1+C2, etc.). In sequencing applications utilizing a probe set
such as that pictured in 202, the presence of the G probe 1s
assumed when no label can be detected. The labels on probes
such as those pictured in FIG. 2 can be any kind of detectable
label known 1n the art as described more fully below, and 1n
specific cases, tluorescent labels are used.

As described more fully below, additional detection posi-
tions, e.g. multiple detection positions, can be detected 1n a
variety ol ways. In one embodiment, iterative cycles of these
methods can be done to sequentially detect additional detec-
tion positions. That 1s, after ligation and detection of the
labels present (which allows the 1dentification of the base at
the detection position), the ligated probes are released from
the array and the process 1s repeated for a new detection
position. In other embodiments, as more fully described
below and 1n FIG. 2, 4 colors can be used to 1dentily nucle-
otides at two detection positions simultaneously, for example
at the “upstream” end of the adapter and at the “downstream”™
end of the adapter. In thus embodiment, the first set of
sequencing probes (e.g. the “upstream’ set) uses two different
labels (e.g. a first and a second label) and the second set of
sequencing probes (e.g. the “downstream™ set) uses two dif-
terent labels (e.g. a third and a fourth label). As will be
appreciated by those 1n the art, in this embodiment, frequently
the “non-ligation” terminus will be blocked such that ligation
cannot occur at one terminus. For example, in the probes
(204) shown in FIG. 2, the 5' end of the first set 1s blocked such
that ligation at the 5' end cannot occur, and the same for the 3’
ends ol the second set. This prevents a probe from the first set
hybridizing to the wrong terminus of the adapter, which could
lead to ambiguty. In other embodiments, also as described
herein, the present invention allows the 1identification of two
detection positions simultaneously, even if not “upstream”
and “downstream” of a single adapter. That 1s, these tech-
niques can be used to 1dentily detection positions adjacent to
two different adapters of the concatamer.

In general, the unique labels can be generated in a number
of ways. As shown above, two labels can be used to label 4
probe sets: dyel, dye 2, dyel+2, and nodye. Alternatively, the
intensity of the label can be used to create unique labels. For
example, a probe set may comprise umque labell as dyel
used at 1x intensity, label2 1s dyel used at 2x intensity, label3
1s dye used at 10x intensity, and labeld4 can be nodye. This
embodiment can be done 1n two general ways. In one embodi-
ment, each probe can comprise one or more labels; e.g.
probel has one fluorophore per probe, probe2 has two fluo-
rophores per probe, and probe3 has 10 fluorophores per
probe. However, due to both the expense of the dyes and the
crosstalk (including quenching) that can occur with multiple
labels per probe, another embodiment utilizes probe sets such
that only a portion of the set 1s labeled. That 1s, probel can
have 10% of the set labeled with one fluorophore, and the rest
are unlabeled (e.g. labell 1s 0.1x dye), probe2 can have 50%
of the set labeled with one fluorophore, and the rest are
unlabeled (e.g. label2 15 0.5x dye), and probe3 can have 100%
of the probes labeled. This results 1n a relative intensity dii-
ference serving as the unique label. As will be appreciated by
those 1n the art, these methods can also be combined, where
different dyes at different intensities are used (e.g. probel 1s
dyel at 10% coverage, probe2 1s dyel at 100% coverage,
probe3 1s dye2 at 10% coverage, and probe4 1s dye 2 at 100%
coverage, etc.). Any and all combinations are contemplated
herein.

In addition, as more fully outlined below, dissociative
labels can be used to increase the confidence of a base call; in
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this embodiment, a read 1s done (e.g. 1n the case of fluoro-
phores, an 1mage of the array 1s collected) and then the con-
ditions are changed to disassociate one of the labels, and a
second 1mage 1s taken.

Thus, sequencing applications using the nucleic acid
nanoballs of the invention can detect more than two bases 1n
a target nucleic acid by utilizing probes that can only hybrid-
1z¢ to one side of an adaptor or the other. For example, in FIG.
2, set 204 1s premised along the same lines as set 202, except
that with set 204, four different labels are used to distinguish
between 8 different nucleotides—i.e., to 1dentity which base
1s present at two different locations 1n a target sequence. As
discussed above, nucleic acid nanoballs of the invention com-
prise repeating units of target sequence and adaptors. In spe-
cific examples of sequencing applications of the invention,
four of the probes 1n set 204 are 3' probes, 1.¢., they can
hybridize to locations of the target sequence 3' to an adaptor,
whereas the other four probes are 5' probes and hybridize only

to locations 5' to an adaptor. Similar to the labeling scheme of
set 202 discussed above, the 5' probes of set 204 has an A
probe labeled with a first label (C1), a T probe labeled with a
second label (C2), a C probe labeled with the first and second
labels (C14+C2) and a G probe that has no label. In addition,
the 3' probes of set 204 has an A probe labeled with a third
label (C3), a T probe labeled with a fourth label (C4), a C
probe labeled with both the third and fourth label (C3+C4),
and again the G probe 1s unlabeled. By structuring the probes
in this way, a set such as probe set 204 can be used to identity
the nucleotide at two different positions of a target sequence.

In certain cases, the nucleotides at four different positions
of a target sequence 1n a nucleic acid nanoball are 1dentified
by using four probe sets 1n a single sequencing cycle to read
two bases from each side of an adaptor. One example of such
a sequencing application is illustrated i FIG. 6A, which
shows an exemplary portion of a nucleic acid nanoball 602
with adaptors on each of the 5' and 3' ends (shaded “b”’s) and
target nucleic acid to be sequenced 1 between the adaptors
(1.e., 1n between the shaded regions). In addition, sequencing,
probes are shown that would allow for reading of the four
bases from 3' and 3' of the two adaptors shown 1n two cycles
(again, with optional blocking to prevent ligation at the incor-
rectend). In the method of sequencing 1llustrated in FIGS. 6 A
and 6B, probe sets of the type shown 1n FI1G. 2 at 204 are used,;
however, four probe sets are used 1n a single reaction to read
two bases from each side. In FIGS. 6 A and 6B, “G”, “T”, “A”
and “C” are specific nucleotide bases and “N”’s are universal
or degenerate bases. In a first cycle of sequencing, four probes
sets 620 are used. A sequencing probe that would identity the
G 1n the target nucleic acid immediately 3' to the end of the 5
adaptor 1s shown at 604 (CNNNNNN-CI1/C2). Such a
sequencing probe would be part of a first set 622:
CNNNNNN-C1/C2; ANNNNNN-C1; TNNNNNN-C2 and
GNNNNNN (see FIG. 6B for the probe sets that would be
used 1n each of the two rounds of sequencing). The sequenc-
ing probe that would identity the T 1n the target nucleic acid
two bases from the 3' end of the 5' adaptor 1s shown at 606
(NANNNNNIC1), and would be part of a second set 624:
NANNNNNICI; NTNNNNNIC2; NGNNNNN; and
NCNNNNNICIC2, where the symbol “I” denotes a cleav-
age site). A broad variety of cleavable moieties are available
in the art of solid phase and microarray oligonucleotide syn-
thesis, including photocleavable moieties (see, e.g., Pon, R.

(1993), Methods Mol. Biol. 20:465-496; Verma et al. (1998),
Annu. Rev. Biochem. 67:99-134; and U.S. Pat. Nos. 5,739,
386 and 5,700,642). Again, using a G probe 1n this istance 1s
optional, since the G probe does not have a label.
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A sequencing probe that would 1dentify the C in the target
nucleic acid immediately 5' to the end of the 3' adaptor 1s
shown at 612 (NNNNNNG). Such a sequencing probe would
be part of a third set 626: NNNNNNG; C3/C4-NNNNNC;
C31-NNNNNA; and C4-NNNNNT. The sequencing probe
that would 1dentify the A in the target nucleic acid two bases
from the 5' end of the 3' adaptor 1s shown at 614
(C4INNNNTN), and would be part of a fourth set 628:
C4INNNNTN; C3INNNNAN; NNNNNGN; and
C3C43iNNNNCN, again, where the symbol “I” denotes a
cleavage site. The first, second, third and fourth sequencing
probe sets are used together to sequence four bases at a time
in the following manner: Anchor probes are allowed to
hybridize to the adaptors 1n the library constructs after which
(or simultaneously) all four sets of sequencing probes are
added and allowed to hybridize to the target nucleic acid. The
adjacently-hybridized anchor probes and sequencing probes
may then be ligated to one another 11 the sequencing probe 1s
complementary to the target nucleic acid 1n the library con-
struct. An extensive wash 1s performed to eliminate unligated
sequencing probes. Two sequencing probes will ligate to the
anchor probes that hybridized to the 5" adaptor (one sequenc-
ing probe from the first sequencing probe set (604) and one
sequencing probe from the second sequencing probe set
(606)), and two sequencing probes will ligate to anchor
probes that hybridized to the 3' adaptor (one sequencing
probe from the third sequencing probe set (612) and one
sequencing probe from the fourth sequencing probe set
(614)). It should be noted that more than one sequencing
probe will not ligate to a single anchor probe, but about half of
the 5' anchor probes will ligate to sequencing probes from the
first set, and about half of the 5" anchor probes will ligate to
sequencing probes from the second set. Similarly, about half
of the 3' anchor probes will ligate to sequencing probes from
the third set, and about half of the 5' anchor probes will ligate
to sequencing probes from the fourth set.

The fluorescent signal for the first read out in this hypo-
thetical would be C1+C2+C1 from the 3' side and no color
(from the G sequencing probe)+C4 from the 3' side. The
sequencing reaction mix 1s then subjected to cleaving at the
“1” site, eliminating the fluorescent signal from the sequenc-
ing probes interrogating the bases 1n the target nucleic acid
two nucleotides from the ligation junction (i.e., sequencing
probes from the second and fourth sequencing probe sets). A
wash 1s then performed, and the fluorescent signal 1s read
again. The fluorescent signal for the second read out in this
hypothetical would be C1+C2 from the 5' side and no color

from the 3' side. That 1s, the strong C1 signal contributed by
the NANNNNNICL sequencing probe (606) and the C4 s1g-

nal contributed by the C2INNNNNTN sequencing probe
(614) will have disappeared. The disappearance of a strong
C1 signal indicates that a T 1s two bases from the 3' end of the
Stadaptor (the A sequencing probe from the second set ligated
to the anchor probe). The disappearance of the C4 signal
indicates that an A 1s two bases from the 3' end of the 3
adaptor (the T sequencing probe from the fourth set ligated to
the anchor probe). The remaining C1+C2 signal indicates that
a (G 1s 1n the first position 1n the target nucleic acid immedi-
ately 3' to the end of the 3' adaptor (the C sequencing probe
from the first set ligated to the anchor probe) and that there 1s
no color at all from the third sequencing probe set indicates
that a C 1s the first base 1n the target nucleic acid immediately
5! to the end of the 3" adaptor (the G sequencing probe from
the third set ligated to the anchor probe).

In a second cycle of sequencing in this hypothetical, the
third and fourth nucleotides in the target nucleic acid 3' to the
end of the 5" adaptor and the third and fourth nucleotides 1n the
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target nucleic acid 3' to the end of the 3' adaptor are read
simultaneously using a second group of four probe sets 630.
A sequencing probe that would identify the A 1n the target

nucleic acid three bases 3' from the end of the 3' adaptor 1s
shown at 608 (NNTNNNN-C2). Such a sequencing probe

would be part of a fifth set 632: NNTNNNN-C2;
NNANNNN-C1; NNCNNNN-C1C2 and NNGNNNN. The
sequencing probe that would identify the C in the target
nucleic acid four bases 3' from the end of the 5' adaptor 1s
shown at 610 (NNNGNNN), and would be part of a sixth set
634: NNNGNNN; NNNANNNICL; NNNTNNN#C2 and
NNNCNNNICIC2, where the symbol “I” denotes a cleav-
age site. The sequencing probe that would identity the T in the
target nucleic acid three bases 5' from the end of the 3" adaptor
1s shown at 616 (C3-NNNNANN). Such a sequencing probe
would be part of a seventh set 636: C3-NNNNANN;
C4-NNNNTNN; C3C4-NNNNCNN; and NNNNGNN. The
sequencing probe that would i1dentity the G in the target
nucleic acid four bases 5' from the end of the 3' adaptor 1s
shown at 618 (C3C4INNNCNNN), and would be part of an
cighth set 638: C3C4INNNCNNN; C3INNNANNN;
NNNGNNN; and C4TNNNTNNN, again, where the symbol
“1” denotes a cleavage site.

As before, the fifth, sixth, seventh and eighth sequencing
probe sets can be used together to sequence four bases at a
time 1n the following manner: Anchor probes are allowed to
hybridize to the adaptors 1n the library constructs after which
(or simultaneously) all four sets of sequencing probes are
added and allowed to hybridize to the target nucleic acid. The
adjacently-hybridized anchor probes and sequencing probes
may be ligated to one another, providing additional hybrid-
1zation stability to the sequencing probes complementary to
the target nucleic acid. An extensive wash i1s performed to
climinate unligated sequencing probes. Two sequencing
probes will ligate to the anchor probes that hybridized to the
St adaptor (one sequencing probe from the first sequencing
probe set (604) and one sequencing probe from the second
sequencing probe set (606)), and two sequencing probes
should ligate to the anchor probes that hybridized to the 3'
adaptor (one sequencing probe from the third sequencing
probe set (612) and one sequencing probe from the fourth
sequencing probe set (614)).

The fluorescent signal for the first read out 1n this second
round of sequencing hypothetical would be C2+ no color
from the 5' side and C3+C4 from the 3' side, with C3 1n an
approximately 2:1 ratio with C4. The sequencing reaction
mix 1s then subjected to cleaving at the “I” site, a wash 1s
performed, and the fluorescent signal 1s then re-read. The
fluorescent signal for the second read out 1n this hypothetical

would be C2 from the 3' side and C3 only from the 3' side.
That 1s, the no color signal contributed by the NNNGNNN
sequencing probe (610) and the C3C4 signal contributed by
the C3C4TINNNCNNN sequencing probe (618) will have
disappeared. The no change in C2 signal indicates that a C
was 1 the fourth position in the target nucleic acid four
nucleotides 3' from the end of the 5" adaptor (the G sequencing
probe from the sixth set ligated to the anchor probe). The
disappearance of the C4 signal and decreased relative iten-
sity of the C3 signal indicates that an G was 1n the fourth
position 1n the target nucleic acid 5' from the end of the 3
adaptor (the C sequencing probe from the e1ghth set ligated to
the anchor probe). The no change 1n the remaining C2 signal
indicates that an A was 1n the third position 1n the target
nucleic acid 3' from the end of the 5" adaptor (the T sequenc-
ing probe from the fifth set ligated to the anchor probe) and
remaining C3 signal indicates that a T was 1n the third posi-
tion 1n the target nucleic acid 3' from the end of the 3" adaptor
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(the A sequencing probe from the seventh set ligated to the
anchor probe). Though this particular aspect shows use of
four sequencing probe sets, two from each of the 5' and 3'
adaptor, other combinations may be employed; for example,
all four probe sets could be used on the same adaptor, either 5'
or 3', and the like, though reading from 3' from two different
adaptors or reading 3' from two different adaptors would not
work 1n this aspect. Further, fifth and sixth labels may be used
with fifth and sixth sets of sequencing probes to acquire
sequence from yet another adaptor or from a different direc-
tion on an adaptor being employed with the first and second or
third and fourth sets of sequencing probes, and so on with
seventh and eighth labels and sequencing sets.

FIG. 3 discloses probes that could be used 1n yet another
embodiment of the sequencing methods herein. As in the
methods shown and described 1n FIGS. 6 A and 6B, four bases
may be read per cycle using four colors and three 1mages,
resulting in four-fold fewer cycles and one-quarter less
images than with methods used currently 1n the art. In briet,
the method shown 1n FIG. 3 reads two bases for each of 5' and
3" anchors such as shown 1n FIG. 6 A, but rather than utilizing
a cleavable moiety, the different optically-discernable tags
have different T ’s and this property 1s exploited by using
discriminating washes between 1maging events, 1.e., by dis-
sociating the tags from the sequencing probes. A set of
sequencing probes 1s shown at 302. Each sequencing probe
comprises a sequencing portion (301, 303, 305, and 307) with
a interrogation nucleotide (here at the 1 position, respectively,
A, T, C,G),atail (304,308, 312, and 316) a tail complement
(306, 310, 314 and 318) with each tail complement compris-
ing a label (309, 311, 313 and 315). Note that the tail and tail
complement (304 and 306) for the “A” sequencing probe
(301) 1s of a relative length 4x, the tail and tail complement
(308 and 310) for the “I” sequencing probe (303) 1s of a
relative length 3%, the tail and tail complement (312 and 314)
for the “C” sequencing probe (305) 1s of a relative length 2x,
and the tail and tail complement (316 and 318) for the “G”
sequencing probe (307) 1s of a relative length 1x (alterna-
tively, the G probe can be unlabelled). Shown here, both the
tails and the tail complements are shown to be of relative
length 4, 3%, 2%, and 1x. However, 1n alternative aspects, the
tails may the same or of similar lengths, and only the tail
complements vary in length. Also, 1n some alternative
aspects, the label for one of the sequencing probes 1n a set will
not be dissociable from the sequencing probe.

Two 5' sequencing probe sets are used and two 3' sequenc-
ing probe sets are used. The first sequencing probe set will
interrogate the first base immediately 3' to the end of the 5
adaptor (namely, GNX,, CNX., TN X, and AN_X,); the
second sequencing probe set will interrogate the second base
3' from the end of the 3' adaptor (namely, NGN X ,, NCN. X,
NTN.X- and NAN.X,); the third sequencing probe set will
interrogate the first base immediately 3' to the end of the 3
adaptor (namely X NG, X.N.C, X N.T and X, N_A); and
the fourth sequencing probe set will interrogate the second
base 5' from the end of the 3' adaptor (namely X N.GN,
X N.CN, X_N.TN and X ;N.AN). Here, “G”, “C”, “T”” and
“A” are specific bases, “N”’s are degenerative bases 1n the
sequencing probes, “X”’s are bases 1n the tail portions of the
sequencing probes, “Y’s are complementary sequences 1n the
tail complements to the “X” sequences 1n the tails, and C1,
C2, C3 and C4 are different colors (e.g., fluorophores).

In methods using sequencing probe sets as shown here in
FIG. 3, the first, second, third and fourth sequencing probe
sets are used together to sequence four bases at a time: Anchor
probes are allowed to hybridize to the adaptors 1n library
constructs after which (or simultaneously) all four sets of
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sequencing probes are added, allowed to hybridize to the
target nucleic acid, and then are ligated to the adjacently-
hybridized anchor probes. An extensive wash 1s performed to
climinate unligated sequencing probes. As in the methods
described for FIGS. 6A and 6B, two sequencing probes
should ligate to anchor probes that hybridized to the 5' adaptor
(one from the first sequencing probe set and one from the
second sequencing probe set), and two sequencing probes
should ligate to anchor probes that hybridized to the 3' adaptor
(one from the third sequencing probe set and one from the
fourth sequencing probe set). Again, no more than one
sequencing probe will ligate to an anchor probe, but about
half of the 5' anchor probes will ligate to sequencing probes
from the first set, and about half of the 5' anchor probes will
ligate to sequencing probes from the second set. Similarly,
about half of the 3' anchor probes will ligate to sequencing
probes from the third set, and about half of the 5' anchor
probes will ligate to sequencing probes from the fourth set.

In an embodiment where the G sequencing probe from the
first set hybridized to the target nucleic acid and ligated to the
Stanchor, the'T sequencing probe from the second set hybrid-
1zed to the target nucleic acid and ligated to the 5' anchor, the
A sequencing probe from the third set hybridized to the target
nucleic acid and ligated to the 3' anchor and the C sequencing
probe from the fourth set hybridized to the target nucleic acid
and ligated to the 3' anchor, the fluorescent signal would be
C1+C2 from the 5' side and C3+C4 from the 3' side. The
sequencing reaction mix 1s then subjected to a discriminating,
wash at a temperature where the short “G™ tail complements
will be washed away, and the fluorescent signal 1s then re-
read. The fluorescent signal for the second read out in this
hypothetical would be C2+C3+C4, indicating that the C1-as-
sociated sequencing probe (the label associated with the first
set of sequencing probes) was a G. Next, a second discrimi-
nating wash 1s performed at a temperature that would remove
the C sequencing probes. Again an 1mage 1s taken, and the
third read out would be C2+C3, indicating that the C4-asso-
ciated sequencing probe (from the fourth set of sequencing
probes) was a C. A third discriminating wash 1s then per-
formed at a temperature that would remove the T sequencing
probes. Another image 1s taken and the last read out 1s C3,
indicating that the C2-associated sequencing probe was a T
(the label associated with the second set of sequencing
probes), and the C3-associated sequencing probe 1s an A.
Again, though this particular embodiment shows use of four
sequencing probe sets, two from each of the 3' and 3' adaptor,
other combinations may be employed; for example, all four
probe sets could be used on the same adaptor, either 5' or 3',
and the like. Further, fifth and sixth labels may be used with
fifth and sixth sets of sequencing probes to acquire sequence
from yet another adaptor or from a different direction on an
adaptor being employed with the first and second or third and
fourth sets of sequencing probes, and so on with seventh and
eighth labels and sequencing sets.

FIG. 4 shows sequencing probe sets that may be useful 1n
still further embodiments of the invention. As 1n the methods
shown and described in FIGS. 6B and 3, four bases may be
read per cycle using four colors. In certain embodiments, a
single image may be taken to distinguish all four bases, result-
ing in a four-fold reduction 1n the number of images that must
be acquired overall. In brief, the method shown in FIG. 8
reads two bases for each of 5' and 3" anchors such as shown in
FIGS. 6B and 3, but rather than utilizing a cleavable moiety or
tail complements with different T ’s, each optically-discermn-
able tag, e.g., fluorophore, has 4 different levels of brightness
associated with one of the nucleotides A, T, C or G. In this
embodiment, two 5' sequencing probe sets are used. The first
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set will interrogate the first base immediately 3' to the end of
the 5' adaptor (namely, GN, CN.C1, TN .C1* and AN C1*%);
the second set will interrogate the second base 3' from the end
of the 5' adaptor (namely, NGN., NCN.C2, NTN.C2" and
NAN.C2*%%), the third set will interrogate the ﬁrst base 1mme-
diately 5' from the end of the 3" adaptor (namely NG, C3N.C,
C3*N,.T and C3**NA); and the fourth set will interrogate the
second base 3' from the end of the 3" adaptor (namely N GN,
CAN.CN, C4*N_TN and C4**N_AN). As before, “G”, “C”,
“T” and *“A” are specific bases, “N’’s are degenerative bases 1n
the sequencing probes, C1, C2, C3 and C4 are diflerent colors
(e.g., fluorophores), and, e.g., C1, C1* and C1** differ in
brightness or intensity of the fluorophore.

In methods using sequencing probe sets as shown here 1n
FIG. 4, the first, second, third and fourth sequencing probe
sets are used together to sequence four bases at a time: Anchor
probes are allowed to hybridize to the adaptors 1n library
constructs after which all four sets of sequencing probes are
added, allowed to hybrnidize to the target nucleic acid, and
then are ligated to the adjacently-hybridized anchor probes.
An extensive wash 1s performed to eliminate unligated
sequencing probes. As in the methods described for FIGS. 6B
and 3, two sequencing probes should ligate to anchors that
hybridized to the 5' adaptor (one from the first sequencing,
probe set and one from the second sequencing probe set), and
two sequencing probes should ligate to anchor probes that
hybridized to the 3' adaptor (one from the third sequencing
probe set and one from the fourth sequencing probe set).
Again, no more than one sequencing probe will ligate to each
anchor, but about half of the 5' anchor probes will ligate to
sequencing probes from the first set, and about half of the 3'
anchor probes will ligate to sequencing probes from the sec-
ond set. Similarly, about half of the 3' anchor probes will
ligate to sequencing probes from the third set, and about half
of the 3' anchors will ligate to sequencing probes from the
fourth set.

In an embodiment in which the G sequencing probe from
the first set hybridized to the target nucleic acid and ligated to
the 5' anchor, the T sequencing probe from the second set
hybridized to the target nucleic acid and ligated to the 3
anchor, the A sequencing probe from the third set hybridized
to the target nucleic acid and ligated to the 3' anchor and the
C sequencing probe from the fourth set hybridized to the
target nucleic acid and ligated to the 3" anchor, the fluorescent
signal would be C2* from the 5' side and C3**+C4 from the 3'
side, corresponding to a target sequence of CA immediately
adjacent to the 5' adaptor (with the G sequencing probe from
the first set providing no color and the T sequencing probe
from the second set providing C2%) and TG immediately
adjacent to the 3' adaptor (with the A sequencmg probe from
the third set providing C3** and the C sequencing probe from
the fourth set providing C4).

The intensity difference between the fluorophores may be
achieved by differing concentrations of the A, T, C, G
sequencing probes within each set, or by varying lengths of
the sequencing probes within each set (e.g., by using more
degenerate or universal bases), or by using discriminatory
modifications (e.g., using PNAs or LNASs 1n varying amounts )
for the sequencing probes 1n each set. In preferred aspects, the
intensity difference 1s achieved by attaching a different num-
ber of fluorophores (or other tags), such as, e.g., 0, 1, 2 and 4
fluorophores per sequencing probe (e.g., zero labels on the G
sequencing probe, one label on the T sequencing probe, two
labels on the A sequencing probe, and four labels on the C
sequencing probe), or 0, 1, 3 and 6-9 fluorophores per
sequencing probe (e.g., zero labels on the G sequencing
probe, one label on the T sequencing probe, three labels on the
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A sequencing probe, and six to nine labels on the C sequenc-
ing probe). As yet another alternative, the same could be
achieved with dyes with the same emission wavelength but
with different brightnesses. Although 1n the embodiment pic-
tured 1n F1G. 4, the C probe 1s associated with the fluorophore
with a 1x brightness, in some aspects the C probe1s associated
with the brightest tfluorophores (e.g., fluorophore with the 4x
brightness) as 1t has been observed that C has minimal cross
talk with other bases. G 1s shown 1n FIG. 8 to be the nucleotide
that 1s not associated with a fluorophore, which 1s preferred in
many aspects as 1t has been observed that G 1s prone to cross
talk. T, 1n some aspects would be the 1x probe (e.g., C1) and
A would be the 2x probe (e.g., C17). Overall, that 1s, a scheme
of C>A>T>G would be used in some aspects. In still further
embodiments, different levels of intensities can be achieved
by varying the number of probes within a set that comprise a
particular label. For example, i A probes should show greater
intensity than T probes, one way to achieve this distinction 1s
by labeling a larger relative number of the A probes 1n the set
with a label than T probes, such that 1n a sequencing reaction
overall, a larger percentage of the A probes will be labeled
than the T probes, and thus the signal associated with a base
call of “A” will have a higher intensity than the signal asso-
ciated with a base call of *“1"".

Other aspects of the technology may be employed using
labels of different intensities. In one 1mplementat10n four
bases 1n one position may be read with two colors using two
different intensities of the two colors. For example, a probe
set where the A probe 1s labeled with C1, the T probe 1s
labeled with C1+, the C probe 1s labeled with C2 and the G
probe 1s labeled with C2+ may be employed in reactions
where one base 1s read per reaction. Sequencing by synthesis
methods may employ this scheme where one position 1s read
per cycle. In implementations where two bases are read per
reaction, one 3' from an adaptor and one 3' from the same or

a different adaptor, an exemplary probe set may includea 5' A
probe labeled with C1, a 5' T probe labeled with C1+, a 5° C.

probe labeled with C2 and a 5' G probe labeled with C2+; and
a 3' A probe labeled with C3, a 3' T probe labeled with C3+,
a 3° C. probe labeled with C4 and a 3' G probe labeled with
C4+.

In some embodiments, sequencing methods of the inven-
tion utilize invader oligonucleotides. FIG. 11 1s a schematic
illustration of a method for cPAL sequencing using imvader
oligonucleotides, where the invader oligonucleotides provide
selective removal of each anchor probe/sequencing probe
complex 1 a multiplexed reaction. A portion of a library
construct 1s shown at 1102, comprising two adaptors (shaded
and indicated at 1103 and 1107) with target nucleic acid to be
sequenced 1105 and 1109 (indicated by “B”s). A first anchor
probe/sequencing probe complex i1s indicated at 1104, with
the sequencing probe portion at 1112 and the ligation indi-
cated by a “.”. A second anchor probe/sequencing probe com-
plex 1s indicated at 1108, with the sequencing probe portion at
1114 and the ligation between the two probes indicated
by a “.’. All sequencing probes may come from the same set
ol sequencing probes, shown here as 1120. Invader oligo-
nucleotides are indicated at 1106 and 1110. In FIG. §, “G”,
“T”, “A” and “C” denote specific sequences, “N’’s are univer-
sal or degenerate bases, n 1s equal to zero to 10, and C1, C2,
C3 and C4 correspond to four different colored labels, e.g.,
fluorophores. Though only two adaptors are shown, multiple
bases from multiple adaptors (rather than only the two seen
here) may be interrogated at one time in this multiplexed
cPAL reaction. To determine which sequencing probe 1s posi-
tive for each anchor probe, a discriminative removal of each
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anchor probe/sequencing probe complex 1s used using dis-
placement (de-hybridization from the library construct) by
invader oligonucleotides.

Invader oligonucleotides are identical or substantially
identical to portions of the adaptors in the library constructs,
and are complementary to the anchor probes. The mvader
oligonucleotides invade and destabilize the hybrid between
the anchor probe/sequencing probe and the adaptor/target
nucleic acid in the library construct 1102. Invader oliognucle-
otides can be structured in a number of ways to be disruptive
of the anchor probe/sequencing probe:adaptor/target nucleic
acid hybrids. For example, the invader oligonucleotides may
have greater homology and/or have a longer stretch of homol-
ogy to the anchor probes than do the adaptors. In some
aspects, the anchor probe may include an overhang on the
opposite end of the strand from the ligation site with the
sequencing probe that 1s not complementary to the adaptor,
but 1s complementary to the mvader oligonucleotide. Also,
the anchor probes may be engineered to have less than pertect
homology to the adaptors, yet have perfect homology with the
invader oligonucleotides. In yet another alternative, the
invader oligonucleotides may employ PNA or LNA chemis-
try to make the hybrids with the anchor probes/sequencing,
probes more stable. In preferred aspects such as shown here,
the invader oligonucleotides comprise degenerative bases
(designated N ) that provide homology to the sequencing
probe ligated to the anchor probe allowing for increased
homology to the anchor probe/sequencing probe complex,
turther destabilizing the anchor probe/sequencing probe:
adaptor/target nucleic acid hybrid.

In methods using sequencing probe sets as shown 1n FIG.
11, anchor probes are allowed to hybridize to the adaptors 1n
library constructs after which the set of sequencing probes 1s
added, allowed to hybridize to the target nucleic acid, and the
sequencing probes are then ligated to the adjacently-hybrid-
1zed anchor probes. An extensive wash 1s performed to elimi-
nate unligated sequencing probes. In this example, one
sequencing probe should ligate to each anchor probe. An
image 1s then taken. In a hypothetical where an A sequencing
probe from the set of sequencing probes hybridized to the
target nucleic acid and ligated to the anchor probe at the 5' end
of the library construct (producing structure 1104) and a C
sequencing probe from the set of sequencing probes hybrid-
1zed to the target nucleic acid and ligated to the anchor probe
at the 3' end of the library construct (producing structure
1108), the first image would show a C1+C3 signal. Next, a
first 1vader oligonucleotide (e.g., that shown at 1106) is
added to the sequencing mix under conditions that allow the
invader oligonucleotide to destabilize the hybrid between the
anchor probe/sequencing probe 1104 and the library con
struct 1102. A wash 1s then performed, removing the hybrid-
1zed anchor probe/sequencing probe 1104 and the invader
oligonucleotide 506 from the target nucleic acid. When the
next image 1s then taken, only a C3 signal remains, indicating,
that there was a T immediately adjacent 3' to the 5' adaptor
1103 and that there 1s a G immediately adjacent 5' to the 3’
adaptor 1107.

As an alternative to using four fluorophores, in certain
aspects of the present mvention, two fluorophores may be
used to read four bases. For example, a probe set such as
Probe A-C1, Probe C C1+C2, Probe G-no fluorophore and
Probe T-C2 1s usetul in such techniques where, for example,
the A probe 1s labeled with a first fluorophore, the T probe 1s
labeled with a second fluorophore, the C probe 1s labeled with
both the first fluorophore and the second fluorophore, and the
(G probe 1s not labeled such that a G 1s deduced if there 1s no
fluorescence emitted. In addition, a probe set may allow for

10

15

20

25

30

35

40

45

50

55

60

65

36

the reading of two bases at a time from two different adaptors
with two different sequencing probe sets. In such a scheme,
the discrimination of the invader oligonucleotide coupled
with the use of different labels for sequencing from different
adaptors increases the confidence level of the sequence read.
For example, 1n first probe set the A probe may be labeled
with a first fluorophore, the T probe may be labeled with a
second fluorophore, the C probe may be labeled with both the
first fluorophore and the second fluorophore, and the G probe
may not be labeled such that a G 1s deduced 1t there 1s no
fluorescence emitted from either the first fluorophore or the
second fluorophore (e.g., for a set comprising sequencing,

probes interrogating the second base from the ligation junc-
tion, 3'to 5': NANNNN-CI1, NCNNNNC1C2, NTNNNNC2,

and NGNNNN). For the 3' set, the A probe 1s labeled with a
third fluorophore, the T probe 1s labeled with a fourth fluoro-
phore, the C probe i1s labeled with both the third fluorophore
and the fourth fluorophore, and the G probe 1s not labeled
such that a G 1s deduced 11 there 1s no fluorescence emitted

from either the third fluorophore or the fourth fluorophore
(e.g., Tor aset comprising sequencing probes interrogating the

second base from the ligation junction, 3' to 5"
C3-NNNNAN, C3C4NNNNCN, C4NNNNTN, and
NNNNGN).

In yet another alternative, two bases may be read at a time
from the same adaptor using the same anchor probe, the same
invader oligonucleotide and two sequencing different probe
sets, where, for example, in the first probe set the A probe 1s
labeled with a first fluorophore, the T probe 1s labeled with a
second fluorophore, the C probe 1s labeled with both the first
fluorophore and the second fluorophore, and the G probe is
not labeled such that a G 1s deduced i1 there 1s no fluorescence
emitted from either the first fluorophore or the second fluo-
rophore (e.g., for a set comprising sequencing probes inter-
rogating the second base from the ligation junction, 3' to 3"

NANNNN-C1, NCNNNNCIC2, NTNNNNC2, and
NGNNNN), and where in the second probe set, A probe 1s
labeled with a third fluorophore, the T probe 1s labeled with a
tourth fluorophore, the C probe 1s labeled with both the third
fluorophore and the fourth fluorophore, and the G probe 1s not
labeled such that a G 1s deduced 1f there 1s no fluorescence
emitted from either the first fluorophore or the second fluo-
rophore (e.g., for a set comprising sequencing probes inter-
rogating the second base from the ligation junction, 3' to 3';
NNANNN-C1, NNCNNNCIC2, NNTNNNC2, and
NNGNNN). Again, such an approach reduces the number of
hybridization/ligation cycles and the number of 1images in
half, providing a near two-fold savings 1n cost and a two-fold
savings 1n time. A preferred approach 1s to not score (label)
the G probe, as G 1s known to have cross talk with A and T
probes, on the other hand, the C probe has been observed to
have the least cross talk, such that preferably 1t 1s the C probe
that 1s labeled with two fluorophores.

As with FIG. 11, FIG. 7 1s a schematic illustration of yet
another embodiment of cPAL sequencing, using anchor
probes, sequencing probes and 1nvader oligonucleotides. A
portion of a hibrary construct 1s shown at 701, having one
adaptor (shaded) with target nucleic acid to be sequenced
(1indicated by “B”’s). An anchor probe/sequencing probe com-
plex 1s indicated at 702, with the sequencing probe portion at
606 and the ligation indicated by a *“””. Although only one
adaptor, anchor probe/sequencing probe complex and one
invader oligonucleotide are shown, 1t should be understood
that, as 1n FIG. 11, two, four or more sets of probes and
invaders may be used in a multiplexed reaction. As i FIG. 7,
all sequencing probes may come from the same set of
sequencing probes, shown here as 710. The mvader oligo-



US 9,222,132 B2

37

nucleotide 1s indicated at 703. As belore, “G”, “T”, “A” and
“C” denote specific sequences, “N”’s are universal or degen-
erate bases, ni1s equal to zeroto 10, and C1,21,C2, C3 and C4
correspond to four different colored labels, e.g., fluorophores.
As 1n FIG. 11, 1n FIG. 7 a discriminative removal of each
anchor probe/sequencing probe ligated structure 702 1s used
using displacement by imnvader oligonucleotides 703 to deter-
mine which sequencing probe is ligated to which anchor
probe; however, the anchor probe and invader oligonucle-
otide 1n this example have loops (704 and 705, respectively)
that are complementary to one another, but that do not have
homology to the adaptor within the library construct. The
loops increase the relative homology of the anchor probe/
sequencing probe to the invader oligonucleotide, and
decrease the relative homology of the anchor probe/sequenc-
ing probe to the adaptor and target nucleic acid portions of the
library construct. In addition, as described infra, the loops
may be useful for other purposes as well. In addition, the
invader probe 1ncludes a series of degenerative bases (indi-
cated by “N_ ) that bind with the sequencing probe portion of
the anchor probe/sequencing probe complex further destabi-
lizing the hybrid with the library construct.

In methods using anchor probes, sequencing probe sets and
invader oligonucleotides as shown here in FIG. 7—as in FIG.
11—anchor probes are allowed to hybridize to the adaptors 1n
library constructs after which the set of sequencing probes 1s
added, allowed to hybridize to the target nucleic acid, and the
sequencing probes are then ligated to adjacently hybridized
anchor probes. An extensive wash 1s performed to eliminate
unligated sequencing probes. In the aspect shown here, one
sequencing probe should ligate to each anchor probe. An
image 1s then taken. In a hypothetical where an A sequencing
probe from the set of sequencing probes hybridized to the
target nucleic acid and ligated to the anchor probe (to produce
structure 702), and, for example, a T sequencing probe from
the set of sequencing probes hybridized to the target nucleic
acid and ligated to another anchor probe (not shown) and
another A sequencing probe from the set of sequencing
probes hybridized to the target nucleic acid and ligated to yet
another anchor probe (not shown), the first image would show
a Cl (x2)+C2 signal. A first invader oligonucleotide (e.g.,
shown at 603) 1s then added to the sequencing mix under
conditions that allow the mvader oligonucleotide to destabi-
lize the hybnd between the anchor probe/sequencing probe
702 and the library construct 701 and to form a complex with
the anchor probe/sequencing probe. A wash 1s then per-
formed, removing the hybrid anchor probe/sequencing
probe/invader oligonucleotide complex. When the next
image 1s then taken, a C1+C2 signal remains, indicating that
there was an A one base immediately adjacent the 3' end of the
adaptor (shaded). A second round of mvasion and 1imaging
would remove, e.g., the C2-labeled sequencing probe, leav-
ing only a C1 signal, showing that there was an A one base
immediately adjacent the 3' end of another adaptor, and that
there 1s a T one base immediately adjacent the 3' end of the
last, uninvaded adaptor.

FIG. 8 1s a schematic illustration of yet another exemplary
library construct, anchor probe, sequencing probe and
invader oligonucleotide useful 1n certain methods of the
claimed invention. A portion of a library construct 1s shown at
812, having one adaptor (shaded) with target nucleic acid to
be sequenced (indicated by “B”’s). An anchor probe/sequenc-
ing probe complex 1s indicated at 814, with the sequencing
probe portion at 816, the anchor probe portion at 813
(complementary to an adaptor 1n the library construct and to
a portion of the target nucleic acid), a tail portion of the anchor
probe at 815 (complementary to a tail portion 818 of the
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invader oligonucleotide, seen at 817) and a ligation site indi-
cated by a .. Although only one adaptor/invader oligonucle-
otide anchor probe/sequencing probe complex 1s shown, 1t
should be understood that two, four or more sets of anchor
probes and 1nvader oligonucleotides may be used 1n a multi-
plexed reaction. All sequencing probes may come from the
same set of sequencing probes, shown here as 830 (where the
base to be interrogated 1s 4 bases from the ligation junction).
The mvader oligonucleotide has an anchor portion 819
(complementary to an adaptor in the library construct) and a
tail portion 818. The mmvader oligonucleotide/anchor probe/
sequencing probe complex 1s indicated at 811.

The anchor portion of the invader oligonucleotide 713
serves to stabilize the anchor probe/sequencing probe com-
plex, so that the anchor probe may comprise a sequence of
degenerate nucleotides that provides complementarity to a
portion of the target nucleic acid, allowing for a shift of the
site of ligation such that more bases can be read or read with
more confidence further from the 5' end of the adaptor 1n the
library construct. However, the greater complementarity
between the mvader oligonucleotide 817 and the adaptor
probe/sequencing probe complex 714 will allow selective
disruption of the adaptor probe/sequencing probe complex
814 from the library construct 812. As described previously,
the anchor probes are allowed to hybridize to the adaptor
probes 1n library constructs after which the set of sequencing
probes 1s added, allowed to hybridize to the target nucleic
acid, and the sequencing probes are then ligated to the adja-
cently-hybridized anchor probes. An extensive wash 1s per-
formed to eliminate unligated sequencing probes. One
sequencing probe should ligate to each anchor probe. An
image 15 then taken. Next, a first invader oligonucleotide 1s
added to the sequencing mix under conditions that allow the
invader oligonucleotide to destabilize the hybrid between the
anchor probe/sequencing probe and the library construct. A
wash 1s then performed, removing the hybridized anchor
probe/sequencing probe and the invader oligonucleotide from
the target nucleic acid. When the next image 1s then taken, the
label from the sequencing probe that has been selectively
removed with the invader oligonucleotide should not be
present.

As betore, “G™, “T”7, “A” and *“C denote specific sequences,
“N”’s are universal or degenerate bases, n 1s equal to zero to
10, and C1, C2, C3 and C4 correspond to four different
colored labels, e.g., fluorophores. “B”’s 1n the library con-
struct denote bases 1n the target nucleic acid that are to be
sequenced. “B” 1n the sequencing probe denotes the interro-
gation base. In addition, the complementary tails in the
anchor probe and the mvader oligonucleotide, if desired,
allow for the inclusion of cleavable sites (uracils, restriction
sites, photocleavable sites) for specific removal of a anchor
probe/sequencing probe complex, if desired.

In FIG. 8, the invader oligonucleotide 817 has a loop. Inthe
aspect shown 1n FIG. 8, the loop 1n the 1nvader oligonucle-
otide can be used to vary the properties of the invader oligo-
nucleotide/anchor probe/sequencing probe complex. For
example, as shown 1n FIG. 8, the loop can be used as a
molecular “hook”™ such that an additional oligonucleotide (a
“loop binding oligonucleotide” shown at 820) with comple-
mentarity to the loop 1n the tail portion of the invader oligo-
nucleotide can bind the complex. The loop binding oligo-
nucleotide can associate a non-nucleotide molecule(s) with
the complex, such as an additional label (shown here at 821),
a quenching moiety, a moiety that increases intensity of the
label on the sequencing probe, a moiety that shifts the fre-
quency of the label on the sequencing probe, an entity that
allows for the complex to be captured (e.g., by biotin or
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another ligand, or a magnetic bead), and the like. The loop
705 1n the invader oligonucleotide shown at 703 in F1G. 7 may
serve similar functions.

For any of the sequencing methods described herein, meth-
ods of detecting and identifying sequencing probes are °
dependent on the types of labels used with those sequencing
probes. Such labels and methods of detection are well known
in the art and are described for example 1n U.S. application
Ser. Nos. 11/679,124; 11/981,761; 11/981,661; 11/981,605;
11/981,793; 11/981,804; 11/451,691; 11/981,607; 11/981,
767, 11/982,467, 11/451,692; 12/335,168; 11/541,223;
11/927,356; 11/9277,388; 11/938,096; 11/938,106; 10/547,
214; 11/981,730; 11/981,685; 11/981,797; 12/252,280;
11/934,695; 11/934,697; 11/934,703; 12/265,593; 12/266,

385; 11/938,213; 11/938,221; 12/325,922; 12/329,363;
12/335,188 and 12/359,165, all of which are hereby incorpo-
rated by reference in their entirety for all purposes and par-
ticularly for all disclosure related to sequencing probes,
labeled sequencing probes, methods of making labeled and
unlabeled sequencing probes, and methods of detecting
sequencing probes.

The present specification provides a complete description
of the methodologies, systems and/or structures and uses
thereof 1n example aspects of the presently-described tech-
nology. Although various aspects of this technology have
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15

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 26
<210>
<211>
<212>
<213>
<220>

<223>

SEQ ID NO 1

LENGTH: 44

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE :

<400> SEQUENCE: 1

acttcagaac cgcaatgcac gatacgtctc gggaacgctg aaga

<210>
<211>
212>
<213>
<220>
223>

SEQ ID NO 2
LENGTH: 56
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE :

OTHER INFORMATION:

<400> SEQUENCE: 2

ggctccageg gctaacgata gcectcecgagcetce gagcaatgac gtctcecgactce agcaga

<210>
<211>
«212>
<213>
220>
<223>

SEQ ID NO 3

LENGTH: 56

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE :

<400> SEQUENCE: 3

actgctgacg tactgcgaga agctcgagcet cgagcgactg cgcecttcecgact ggagac

<210>
<211>
<212>
<213>
220>
<223>

SEQ ID NO 4

LENGTH: 68

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE :

OTHER INFORMATION: Synthetic DNA polynucleotide

Synthetic DNA polynucleotide

OTHER INFORMATION: Synthetic DNA polynucleotide

OTHER INFORMATION: Synthetic DNA polynucleotide

40

been described above with a certain degree of particularity, or
with reference to one or more individual aspects, those skilled
in the art could make numerous alterations to the disclosed
aspects without departing from the spirit or scope of the
technology hereof. Since many aspects can be made without
departing from the spirit and scope of the presently described
technology, the appropriate scope resides 1n the claims here-
mafter appended. Other aspects are therefore contemplated.
Furthermore, 1t should be understood that any operations may
be performed in any order, unless explicitly claimed other-
wise or a specific order 1s inherently necessitated by the claim
language. It 1s intended that all matter contained 1n the above
description and shown in the accompanying drawings shall be
interpreted as illustrative only of particular aspects and are
not limiting to the embodiments shown. Unless otherwise
clear from the context or expressly stated, any concentration
values provided herein are generally given 1n terms of admix-
ture values or percentages without regard to any conversion
that occurs upon or following addition of the particular com-
ponent of the mixture. To the extent not already expressly
incorporated herein, all published references and patent
documents referred to in this disclosure are incorporated
herein by reference 1n their entirety for all purposes. Changes
in detail or structure may be made without departing from the
basic elements of the present technology as defined in the
following claims.

44

56

56
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-continued

<400> SEQUENCE: 4
aagtcggagg ccaagcggtce ttaggaagac aagctcgagce tcecgagcegatce gggccgtacyg

tccaactt

<210> SEQ ID NO b5

<211> LENGTH: 14

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> QOTHER INFORMATION: Synthetic DNA polynucleotide

<400> SEQUENCE: 5

gctcgagete gagc

<210> SEQ ID NO o

<211> LENGTH: 15

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic DNA polynucleotide

<400> SEQUENCE: 6

gatcagtcga tctca

<210> SEQ ID NO 7

<211l> LENGTH: 56

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

«<222> LOCATION: (55)..(56)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 7

gctccagegg ctaacgatgce tcgagcectcga gcaatgacgt ctcgactcag cagann

<210> SEQ ID NO 8

<211l> LENGTH: 57

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

222> LOCATION: (56)..(57)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 8

tcteccagteg aagcgcagtce gctcecgagcetce gagcecttcecteg cagtacgtca gcagtnn

<210> SEQ ID NO 9
<211> LENGTH: 67

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide

<400> SEQUENCE: ©
agtcggaggce caagcggtct taggaagaca agctcgagcet cgagcgatcg ggceccgtacgt

ccaactt

<210> SEQ ID NO 10
<«211> LENGTH: 35

60

68

14

15

56

577

60

6/

42



US 9,222,132 B2

43

-continued

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (5)..(20)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 10

gagtnnnnnn nnnnnnnnnn tgagatcgac tgatc

<210> SEQ ID NO 11

<211> LENGTH: 47

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

222> LOCATION: (1) ..({(20)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 11

nnnnnnnnnn nnnnnnnnnn gatcatcgtce agcagtcgcg tagctag

<210> SEQ ID NO 12

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic DNA polynucleotide

<400> SEQUENCE: 12

gctacgcgac tgctgacgat gatc

<210> SEQ ID NO 13

<211l> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (28)..(31)

<223> OTHER INFORMATION: n is a, ¢, g, or t
<220> FEATURE:

<221> NAME/KEY: misc feature
«222> LOCATION: (323)..(35)
<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 13

ctagctcagce gactgctgca gatgatcnnn ncennn

<210> SEQ ID NO 14
<«211> LENGTH: 47
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

«<222> LOCATION: (1) .. {(15)

223> OTHER INFORMATION: n is a, ¢, g, or t
<220> FEATURE:

<221> NAME/KEY: misc feature

222> LOCATION: (17)..(20)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 14

35
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-continued

nnnnnnnnnn nnnnngnnnn gatcatcgtce agcagtcgceg tagctag

<210> SEQ ID NO 15

<211> LENGTH: 44

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide

<400> SEQUENCE: 15

tcttcagegt teccgagacg tatcgtgcat tgcggttcectg aagt

<210> SEQ ID NO 16

<211> LENGTH: 38

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

222> LOCATION: (11)..(19)

223> OTHER INFORMATION: n is a, ¢, g, or t
<220> FEATURE:

<221> NAME/KEY: misc_feature

222> LOCATION: (20)..(38)

223> QOTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 16

gggggaggcc nnnnnnnnnce Ccttccccggn nnnnnnnn

<210> SEQ ID NO 17

<211> LENGTH: 1o

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (1) .. {(6)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 17

nnnnnnygygcc tcccecec

<210> SEQ ID NO 18

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (11)..{(11)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 18

ggggdaggcec n

<210> SEQ ID NO 19

<211l> LENGTH: 16

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (1) .. {(6)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 19
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-continued

nnnnnnccgy ggaagg

<210> SEQ ID NO 20

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (11)..(11)

223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 20

ccttecececgg n

<210> SEQ ID NO 21

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> QOTHER INFORMATION: Synthetic DNA polyvnucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (18)..(23)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 21

aacaaggatc gggaactnnn nnngcat

<210> SEQ ID NO 22

<211l> LENGTH: 32

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

222> LOCATION: (1) .. {(6)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 22

nnnnnnagtt tgtgtgtgtc ccgatccttg tt

<210> SEQ ID NO 23

<211l> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

222> LOCATION: (27)..(27)

223> QOTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 23

aacaaggatc gggacacaca caaactn

<210> SEQ ID NO 24

<211> LENGTH: 35

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (18)..(35)

<223> OTHER INFORMATION: n is a, ¢, g, or t

lo
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-continued

<400> SEQUENCE: 24

aacaaggatc gggaactnnn NNNMIMNMOANMN - NNnnn

<210> SEQ ID NO 25

<211l> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature
<222> LOCATION:
<223> OTHER INFORMATION: n is a, ¢, g, or t

(17)..(26)

<400> SEQUENCE: 25

cctggtcecgat tcecttgannnn nnnnnn

<210> SEQ ID NO 26

<211> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic DNA polynucleotide

<400> SEQUENCE: 26

aacaaggatc ggaattatat atatacgagc agg

I claim:

1. A method for determining 1dentities of nucleotides at
detection positions of a plurality of different nucleic acid
templates by performing sequencing-by-extension reactions,
the method comprising:

(a) providing an array comprising single-stranded nucleic

acid templates disposed at positions on a surtace;

(b) for each of a plurality of said single-stranded nucleic

acid templates, determining the 1dentity of nucleotides

at detection positions in the nucleic acid template 1n

multiple cycles of a sequencing-by-extension reaction,
comprising;

1) binding a complementary nucleotide to a nucleotide at
a detection position,

11) detecting, at the position on the surface occupied by
the nucleic acid template, the presence or absence of
fluorescent signal(s) associated with the complemen-
tary nucleotide; wherein
1) detecting a first fluorescent signal and not a second

fluorescent signal at the position identifies the
complementary nucleotide as a nucleotide selected
from A, T, G and C;

2) detecting the second fluorescent signal and not the
first fluorescent signal at the position identifies the
complementary nucleotide as a nucleotide selected
from A, T, G and C that 1s different {from the nucle-
otide selected 1n (1);

3) detecting both the first fluorescent signal and the
second fluorescent signal at the position 1dentifies
the complementary nucleotide as a nucleotide
selected from A, T, G and C that 1s different from
nucleotides selected 1n (1) and (2); and

4) detecting neither the first fluorescent signal nor the
second fluorescent signal at the position 1dentifies

the complementary nucleotide as a nucleotide
selected from A, T, G and C that 1s different from
the nucleotides selected 1n (1), (2) and (3);
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111) deducing the identity of the nucleotide at the detec-
tion position 1n the nucleic acid template based on the

1dentity of the complementary nucleotide.

2. The method of claim 1 wherein the nucleic acid tem-
plates comprise adaptors.
3. The method of claim 2 wherein the nucleic acid tem-

plates are formed from a plurality of genomic fragments.

4. The method of claim 3 wherein the genomic fragments
are human genomic DNA.

5. A method for determining identities of nucleotides at
detection positions of a plurality of different nucleic acid
templates, said method comprising:

providing a plurality of nucleic acid templates each com-

prising an anchor site and, adjacent to the anchor site, a
target nucleic acid sequence;

performing sequencing reactions on the plurality of differ-

ent nucleic acid templates using two distinguishable
fluorescent labels by hybridizing an anchor probe to the
anchor site and extending individual anchor probes by
one nucleotide per cycle 1in one or more cycles of
sequencing-by-synthesis using a set of nucleotides that
comprises: (1) first nucleotides comprising a first label;
(1) second nucleotides comprising a second label; (111)
third nucleotides comprising both the first label and the
second label; and (1v) fourth nucleotides comprising
neither the first label nor the second label, wherein the
first label and the second label are distinguishable from
each other; and

in each cycle of sequencing-by-synthesis, determining the

identities of nucleotides at the detection positions by
detecting the presence or absence of the first label and
the presence or absence of the second label to determine
the target nucleic acid sequences.

6. The method of claim 5 wherein the nucleic acid tem-

65 plates are immobilized on a surface.

7. The method of claim 5 wherein the nucleic acid tem-
plates comprise adaptors.



US 9,222,132 B2
51

8. The method of claim 7 wherein the nucleic acid tem-
plates are formed from a plurality of genomic fragments.

9. The method of claim 8 wherein the genomic fragments
are human genomic DNA.

% x *H % o
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